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Abstract
This thesis looks at the process of development of a robotic arm in an academic
environment, highlighting the possibilities and challenges that students will
face in carrying out this process. The Robotics and Intelligent Systems research
group in the Department of Informatics at the University of Oslo aims to give
students more experience in developing and prototyping robotic systems and
exploring the opportunities with the use of the tools and methods available
at the laboratory. Previous works focusing on the methods and tools used for
developing manipulators and other robotic systems are studied to identify the
possibilities. The process illuminates several aspects of the design and proto-
typing of a manipulator with the use of CAD software, 3D printer, and imple-
mentation of a program for the control unit. Inspired by industrial manipula-
tors, prototypes are developed with the implementation of a management sys-
tem for position control of the joints. Tests of position accuracy are provided for
measuring the possible error in the requested position of the joints developed
through the thesis. As a result of the development process with related working
prototypes, further work topics for courses at the department and objectives for
future masters’ theses are identified.
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Chapter 1
Background and motivation
This thesis is the result of my Master of Science (M.Sc.) degree in Robotics
and Intelligent Systems in the Department of Informatics at the University of
Oslo. Robotics is a fascinating and future-oriented field in which I have always
been interested, especially in industrial application and purposes. The mechan-
ics and automated motions in heavy robot machinery applications are tremen-
dously exciting to watch. Inspired by their developed designs and hardware
components, my choice of specialization was naturally in the field of robotics.
Duringmy childhood I hadmany thoughts and ideas about developingmy own
mechanical and electronic solutions for toys like radio controlled cars, boats,
and submarines and systems like conveyor belts and lifting mechanisms. The
fantasies were never realized, only slightly approached by what many of us
consider the most famous and popular toy for children, LEGO.
My first close-up experience and interaction with a real robot was with the
multi-application robot manipulator Motoman IA20 at the Robotics and Intel-
ligent Systems research group (ROBIN) in the department of Informatics. This
robot was an inspiration that made me want to look further into how robotic
arms are developed, what kinds of components they consist of, and how they
work. The academic environment in ROBIN offered opportunities to interact
with real robots and resulted in this thesis. While carrying out this work I have
experienced several phases of the process and have succeeded in understanding
both the theoretical and the practical aspects of the development of manipula-
tors.
1.1 Relevant courses at the University
Relevant courses were taken in order to improve our basic knowledge in specific
fields of technology that are necessary in order to understand the robotics and
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mechatronics in this thesis. The introduction to robot technology, with the course
code INF3480, provided by the Department of Informatics, is an introduction to
the technology in several areas of robotics. The literature for this course [1] gives
an introduction to kinematics, the different configurations of manipulators and
dynamics and trajectory planning, which is highly recommended knowledge
when developing and prototyping robots. The course consists of laboratory ex-
ercises which deal with the calculation of kinematics and simulating trajectory
planning for manipulators. Computer based instrumentation and microcontrollers,
with the course code FYS3240/FYS4240, which is run by the Department of
Physics, gives an introduction to ATmega microcontrollers and instrumenta-
tion in operating systems. This course consists of several laboratory exercises
which deal with programming microcontrollers to interact with hardware. The
literature in this course includes several theoretical chapters on instrumentation
and provides a basic knowledge of the programming language C in low-level to
implement on microcontrollers [2]. Digital system construction, with the course
code INF3430/INF4430, which is run by the Department of Informatics, pro-
vides students with a knowledge of Field Programmable Gate Array (FPGA)
and development within the field of FPGAs and very-high hardware descrip-
tion language (VHDL). Several comprehensive laboratory exercises were used
with regard to programming FPGA in VHDL for different purposes, e.g., de-
coding, reading and writing to SRAM etc. The literature in this course pro-
vides students with a knowledge of FPGA and ASIC technology and several
techniques for the development of and with FPGA or ASIC [3]. A 10-study
point special course was given in the field of mechatronics (a mix of mechanics,
electronics and informatics) within the Department of Informatics. The course
and literature provides students with a theoretical knowledge of several ac-
tuation systems and expands their knowledge of microcontrollers, microchip
technology, control systems, sensors, mechanic chains, valves, bearings and lu-
brication [4–7]. Human-computer interaction (HCI) (INF4260) is a 10-study point
course on the development of a product that is related to understanding peo-
ple’s reactions to user interfaces and how they interact with computer-based
systems. Another similar course, development of mobile information systems and
services (INF5261), is based on the HCI course, but is related and limited to the
development of mobile platforms. This course is also based on 10 study points.
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1.2 Contribution of the thesis to the academic envi-
ronment of Robotics and Intelligent Systems
ROBIN has been concerned with how to offer students possibilities for develop-
ing and prototyping their own ideas and concepts and how to spur and increase
the students’ creativity in the academic environment. The opportunities given
are often based on theoretical assumptions concerning already developed prod-
ucts and solutions, which are to be studied and related to research on the theory
behind them. Often the theses are based on implementing and testing control
systems or optimization algorithms on already developed robotic platforms and
not on the process of developing and designing them. ROBIN has developed
several prototypes of robotic systems and manipulators. The research group
wants to experiment with the possibility of having its students develop pro-
totypes and experience the development process. In this case a prototype of
an industrial manipulator was to be developed by ROBIN for an introductory
course on robot technology mentioned in 1.1, and the opportunity for a thesis
on the development of an manipulator came up. The thesis was not directly
related to the prototyped manipulator for this course, but the manipulator may
be considered used in future courses. Beside the introductory course on robot
technology, the research group is also discussing the possibility of creating a
course on development and prototyping of robot systems. This thesis also aims
to discuss and identify the possibilities and challenges in such processes. How-
ever, during the present year some of the masters ’ theses within ROBIN have
contained studies based on development of robotic systems, allowing the stu-
dents to design their own ideas. Since the start of this thesis, the direction of
theses in ROBIN has moved towards the use of prototyping and development
by using the tools available at the laboratory.
1.3 Aim of the thesis
This thesis aims to spur further research by students in the development of ma-
nipulators and other robotic systems in an academic environment andmoreover
to give them further options in learning about robotics. The work contributes
to exploring and discussing the possibilities and methods used in developing a
manipulator and provides practical experiences and work flows in the process.
The objectives in this thesis are to: Examine previous work on the development
of manipulators and robotic systems. What kinds of robotic arms and other
systems exist and how are they developed?
• Identify the possibilities, tools, and methods used in developing manipu-
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lators.
• Develop a robotic manipulator with a focus on work flow.
• Prototype and assemble the proposed developed designs.
• Learn from and illuminate the challenges and choices in the process.
• Conclude with possible further work topics for future master’s students.
1.4 Thesis outline and overview
This thesis comprises chapters which discuss the key components of manipula-
tors and robotic systems and illuminates the development process with related
opportunities and challenges. The experiences sustained and themeasurements
and tests conducted during this work are addressed at the end of this report and
a conclusion is given based on the parameters presented in the previous section.
The outline of this thesis is as follows:
• Chapter 2 surveys different key elements in technology related to robotic
systems and manipulators. A short discussion is given of components
used in robotic systems and some designs and configurations of robotic
manipulators. Keywords: microcontrollers, actuators, sensors, software,
Computer-Aided Design (CAD), rapid prototyping, kinematics, modular
and rigid robot systems.
• Chapter 3 presents the development of a manipulator with a discussion
of methods used in finding different designs of joints, prototyping of the
selected designs, and implementation of a control program for the motor
and position sensors in the prototype assemblies.
• Chapter 4 addresses the process of developing a manipulator with em-
phasis on the different challenges experienced during the development.
Towards the end of this chapter the prototyping process, test results of
measured position accuracy and specification parameters are discussed.
• Chapter 5 concludes and presents a discussion of further work and re-
search based on the process and development in this thesis.
Chapter 2
Introduction to manipulators and
robotic systems
The development of a custom robotic system using conventional tech-
nology requires expertise in specification and integration of low-level ma-
chine components (motors, gears, sensors, etc.), the design of custom hard-
ware and the integration of system control software and electronics [8]
Today, there are many technologies which are used in the development of
manipulators. In order to acknowledge the variety of technologies that exist,
this introductory chapter will discuss and briefly compare many of the tech-
nologies which determines the advantages and disadvantages of different ma-
nipulators and other robotic systems. The topics introduced in this chapter
proved to be valuable with regard to the conclusion of this thesis, and will be
discussed further in the development later on in this thesis report.
2.1 Design
Design is a major part of the development of manipulators. There are many dif-
ferent kinds of robots for different applications, with various configurations and
arrangements of joints. Some robots are categorised into standard types which
are used in specific fields of robotics, and some robots are more flexible and can
be used for a range of applications. The use of technology varies during the
development of designs for manipulators, with regard to making prototypes,
production and tools. Pre-existing designs can affect and influence the choice
of further designs for robots and can help us to adapt specific parts or concepts
to our own ideas. This section introduces and discusses some of the technolo-
gies used in developing designs and prototypes and the various ways in which
robots are configured.
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2.1.1 Modular robots
Amodular robot usually consist of a designed part which is to be assembled with
similar parts for forming a robotic system. The system can often adapt shapes
based on the amount and arrangement of the designed part in the assembly.
There are many working areas, with a great deal of flexibility and mobility.
Specific work areas in which modular robots are used include, for example, the
inside of different pipes and buildings. Different types of modular robot typi-
cally include snake and spider-look-a-like robots. A snake robot is linked with
as many similar parts as are necessary. Some research areas regarding modular
robots include snake robots helping firemen to distinguish fires in buildings [9],
as shown in Figure 2.1, and exploring and inspecting pipes [10] in the oil and
gas industry. A modular robot is able to become almost anything which can be
assembled with a given amount of the designed part for the modular system.
For example a spider robot with several equally rigid robotic arms mounted
together. The advantages of modular robots are their mobility and flexibility,
while the disadvantages are that they are less precise and have weaker links
and joints than rigid robots of the same size. Modular-based robotic systems
enable re-configurability. The M-TRAN modular robotic system with an auto-
matic locomotion design [11] has several possibilities for reconfiguration, such
as a 3D lattice structure and an H-structure, which forms a four-legged robot
and a thread structure which can connect both ends of the thread in order to
form a circle and move as a wheel.
Figure 2.1:
Annakonda, the fire-extinguishing snake robot from SINTEF (A skandinavian
company which specialize on research within industrial technology
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2.1.2 Rigid robots
A rigid robot is somehow a more diffuse concept than a modular robot. There
are many different types of rigid robot, and there is no definition of what con-
stitutes a rigid robot. A typical rigid robot could be a robotic arm or a spider
look-a-like robot with three or more legs. Spider robots are often used as tools
for exploration, as they are very mobile. The robotic manipulator is mostly
used in industrial working areas including welding, packaging, painting and
sorting and moving applications or in medicine with surgical operations. The
manipulator has one or more linear or rotational joints with either hydraulic or
pneumatic actuators, or motors functioning as actuators. A serial-linked robot
manipulator is connected at one end considered as the base of the platform, and
has the other end free for use with an end effector. The manipulator usually has
the most powerful actuator in the bottom joint and is very precise and strong,
but has limited mobility.
In the industry, there are several different standardised configurations of
rigid motion robot arms, with designs that vary with regard to the set of ap-
plications for which the arm is used. Studying the different types of kinematic
chain which define an industrial manipulator can provide us with a knowledge
of their behaviour, purpose, motion and area of operation in industry.
Some of the configurations are common arrangements of joints set in a spe-
cific chain and have the same sets of tasks to perform, regardless of the subject
area. The size, power and hardware of the manipulator vary from producers
and in the payload from the given tasks within it’s purpose, but the main con-
figuration is often still the same. Within this section, some basic configurations
of industrial rigid manipulators will be discussed.
There are two types of joints or links that are set in a kinematic arrangement
in order to define a manipulator; revolute or rotational (R) joints forming ro-
tary motion and prismatic (P) or linear (L) joints forming translational motion.
Configurations of manipulators are often referred to in brief as R or P, and these
terms are used together in order to define kinematic arrangements in the field
of industrial engineering. Furthermore, we have the twisting joint (T) and the
revolving joint (V), which are other types of R joint. These letters are also used
as a joint notation scheme in the industry. With regard to kinematic chains of
manipulators, 3D coordinate frames are used to align and define the arrange-
ment of the joints. 3D coordinate frames are discussed in more depth in chapter
2.2.3. The R-joint configuration involves rotation around an axis that is perpen-
dicular to the adjoining links, while the T-joint configuration involves rotation
around an axis that is parallel to the adjoining links. The P-joint moves along
one axis and the V-joint rotates around an axis that is parallel to the axis in the
next link which also is a rotational joint. Furthermore, we have the spherical
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wrist joint, which is two R-joints in the same coordinate frame rotating around
two different axes, i.e., the X-axis and the Y-axis, depending on the setup of the
coordinate frame. The spherical wrist has much the same sort of flexibility as a
human wrist.
A configuration of a manipulator may consist of R, P or both types of joint
in different arrangements. Furthermore, rigid robots are either serial or parallel
manipulators. A serial manipulator has an open chain of joints and one base
platform which connects the links to the end effector, e.g. the IA20 from Mo-
toman Robotics [12]. End effectors are usually mounted in every end linkage
on rigid manipulators. The end effectors, depending on their purpose and ap-
plication, are typically tools like welding, painting or gripping tools, and are
discussed in more depth in 2.1.3.
A parallel manipulator has a closed chain consisting of several rigid kine-
matic chains connecting the base to the common end effector. Often, the parallel
manipulator is more precise than a serial manipulator because of the stability
and structure of several kinematic chains joined together. The Stewart plat-
form is an example of a parallel manipulator used in the industry, consisting
of P-joints connected to a platform. The actuation system moves the P-joints in
series of pairs to roll a platform in three dimensions [13].
The articulated manipulator, also called the anthropomorphic or elbow ma-
nipulator depending on the distance between the joints, consists of R-joints only
in a kinematic arrangement and has three links, defined as RRR. The anthropo-
Figure 2.2: Different types of joints that defines a manipulator.
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morphic structure includes some distance between the R-joints, and gives six
degrees of freedom (DOF). The R-links are typically referred to as the waist,
shoulder and elbow, drawing parallels with human joints. Parallelogram link-
ages have two R-joints which are closely mounted together, which provides
other benefits such as simpler dynamics and the possibility of using less pow-
erful motors in the second and third joints in the manipulator. The PUMA 560
robot is a manipulator with this type of structure, and is shown in Figure 3.1 -
A and discussed in more depth in chapter 3.1.1.
The spherical manipulator has the configuration of two R-joints and one P-
joint (RRP). The Stanford arm is an example of a spherical manipulator which
is typically used in pick-and-place operations. Another well-known and fre-
quently used RRP industrial robot manipulator, but with a slightly different
configuration, is the Selective Compliant Articulated Robot for Assembly (SCARA).
The difference between the spherical arm and the SCARA is the angle and offset
of the second R-joint in the kinematic chain. The second R-joint in the spherical
arm is perpendicular (rotated 90 ◦) to the first R bottom joint in the manipula-
tor. The SCARA features the second R-joint only offset from the axis which the
first R-joint rotates around. The rotation axis is the same in the first and second
joints. The SCARA manipulator is designed for table-top assembly, pick-and-
place operations and some packaging tasks.
The cylindrical manipulator has a kinematic arrangement with one R-joint
around the base of the manipulator, followed by two P-joints (RPP). The ma-
nipulator has a cylindrical workspace and is often used in tasks involving the
transfer of materials. Further cylindrical manipulator configurations also exist,
such as TLL, LTL and LVL.
A manipulator which consists of P-joints only (PPP) is called a Cartesian ma-
nipulator, and is typically used for table-top assembly and in assembly for trans-
Figure 2.3:
Some examples on manipulators which uses some of the joint-types shown in
Figure 2.2. To the right we see a typical SCARA configuration.
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ferring cargo. The Cartesian manipulator has the simplest kinematic chain and
the smallest workspace of all of the previously addressed standard configured
manipulators.
Furthermore, there is the typical polar configuration (TRL) and other articu-
lated joint arm configurations, such as TRR and VVR.
2.1.3 End effectors and tooling
This section will include a short introduction to the different kinds of end effec-
tors and their purposes. End effectors are tools which are connected to the end
of a manipulator, and are necessary to fulfill the purpose of the operation of the
manipulator. End effectors vary according to the application of the manipula-
tor and its operation with specific suited tools. Machine tools like drills, milling
cutters, welding heads, spray guns and kelps are used as end effectors in the in-
dustry and are often detachable, allowing the manipulators to switch between
tools for different operations. In medicine and surgery, robots are widely used
for high-precision operations and to operate and interact with human or animal
organs. Scalpels or similar tools are used as end effectors on the manipulators
which are used in these sorts of applications. ROVs (remote operated vehicles)
have manipulators which often use grippers and cutting tool as end effectors
when operating under the sea, in order to mount mechanical parts together or
to cut wires etc. Artificial muscle fibres are also often used as end effectors in
the shape of fingers, forming a hand or grippers which are to grip objects. Cam-
eras used for computer vision on manipulators are also considered to be end
effectors and are often used to control the motion of a manipulator when it has
to focus on a moving object. As we can see, there are several applications which
determine what kind of end effector or tool should be used on a specific ma-
nipulator. However,end effectors can be used in a wide range of areas, which
allows research to be conducted in many exciting directions. Within this thesis,
we will not enter into further discussion surrounding end effectors and tools,
but instead we will focus on the manipulator itself.
2.1.4 Comparison between rigid and modular robots
The challenge with building modular robots is to develop a good enough mod-
ule. When an acceptable module is developed, the challenge is to develop a
control system with two or more modules linked in assembly. The challenge
with rigid robots, especially robotic arms, is to calculate the kinematics for each
joint and for the flexibility of the arm, and to determine how much torque each
joint will have based on the different sizes of motor which are to be used.
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For several years, the field of robotics has focused on industrial applications
and issues due to operations within the field of industrial engineering. The
field of robotics now has an effect on many disciplines and areas of society.
We are part of a generation in which robotics is an interdisciplinary field, in
which engineers, researchers and educators have common interests. For indus-
trial rigid robots and modular robots, interactions with humans in educational
matters are becoming more and more popular [14]. The tailgator autonomous
trash collection robot [15] was developed for an educational competition due
to problems with the amount of rubbish left around the campus at the Univer-
sity of Florida. Researchers are using robot manipulators as well as modular
robots for research into interactions with humans relating to health, safety and
environment (HSE) in industry, e.g., safety mechanisms for industrial manip-
ulators [16], and in social areas such as human-robot interaction (HRI). The
Keepon social robot, which dances as a way of interacting with children [17],
and the autonomous mobile security warrior robot which is designed for in-
teractive behaviour in ubiquitous computer environments, and which has been
tested in security, virtual multimedia and related information services environ-
ments [18], are examples of robots designed for HRI. Other purely industrial re-
search projects have focused on, for example, the automation of packing cells in
fresh fish facilities [19] or bilateral control systems based on acceleration control
using a multi-DOF haptic endoscopic surgery manipulator [20]. The ROBIN
research group in the Department of Informatics at the University of Oslo is
also engaged in collaborative projects with the Department of Musicology in
the FourMs group; motion, mind, music and machines. The FourMs group
uses robots to interact with music and to control sounds by capturing human
movements [21].
2.1.5 Rapid prototyping
Product development and production is a field of civil engineering which uses
different techniques in the process of developing products from an idea or a
concept to production, manufacturing and application. Prototyping depends
on what kind of product needs to be developed, but usually includes draw-
ing and 3D modelling the mechanical construction and parts of the machine,
planning the use of materials and tools and testing various concepts such as
software, hardware or other components. Within this thesis, concepts, ideas
and solutions relating to manipulators were prototyped based on some of these
engineering methods for designing mechanical parts and using hardware and
software to test the solutions. In this chapter, the discussion is focused on pro-
totyping designs of mechanical drawings and parts, while prototyping using
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software and hardware is discussed in more detail in chapter 2.2 on page 24
and in 2.3 on page 30.
The concept of prototyping an idea dates back to the 1770s, with mecha-
nisation being the first of the three phases of development which led to rapid
prototyping (RP) in the late 1980s. The second phase, so-called soft or virtual
prototyping, involved the early use of computer-aided design (CAD) in the mid
1970s. The third and final phase is what we know as RP today, with more com-
plex CAD prototypes and many different techniques for making physical mod-
els. Input, method, material and applications are the four fundamental aspects
of RP. Input takes the form of one of two possible inputs; a CAD model or a
physical model scanned into a 3D modelling software program. Photo-curing,
cutting and joining, melting, fusing and binding are several subcategories of
the methods used in RP. Materials used in RP can be either solid, liquid or
powdered materials, such as plastic, ceramics or metal. Their applications are
grouped into three categories: 1 - design, 2 - engineering, analysis and planning
and 3 - tooling and manufacturing. These applications have various purposes,
in aerospace, marine and subsea technology and automotive, biomedical, con-
sumer and electrical products. Engineering and construction companies within
these fields of engineering, such as Aker Solutions, Schlumberger, Subsea7, Rolls
Royce and FMC Technologies, use CAD in order to prototype their ideas and con-
cepts rapidly and to develop their products further within different projects
and in the field of manufacturing. Within this thesis, a knowledge of methods
for the development of prototypes and products proved to be useful in consid-
ering the opportunities that were available for prototyping in the Department
of Informatics. In addition to the opportunities for prototyping at the Univer-
sity of Oslo, there are several other technologies, which fall mainly into three
categories for making physical 3D prototypes of CAD models; liquid-based,
powder-based and solid-based systems. A presentation and discussion of how
some of these technologies work and their advantages and disadvantages is
given below.
stereolithography (SL) is a common liquid-based RP system which produces
a 3D model of a given solid plastic material. A ultra-violet (UV) laser traces 2D
cross-sectional patterns on the surface of a photosensitive liquid plastic mate-
rial (resin) for each layer. Several of these very thin layers are built up from the
bottom to the top to make a complete and solid model [22]. The SL apparatus is
typical of the machines which are used with this technology. The advantages of
this technique for making solid 3D models are that it is very accurate and that
it provides round-the-clock operation and a good surface finish. A wide range
of fluid plastic materials can be used for this, e.g., epoxy. The disadvantage of
this type of liquid-based prototyping and manufacturing technology is that a
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support structure is needed together with the model. A support structure pre-
vents the models from having a bad structure or collapsing during production.
Difficulties often occur when removing the support structure material from the
model after production, and this process is time consuming.
Selective laser sintering (SLS) is a powder-based system that uses powder
(e.g., metallic powder) and sinters it using a laser. Heating the powder with the
use of a CO2 localised laser beam causes solidification by fusion without melt-
ing the powder. Like the SL technology, very thin layers are built up from the
bottom to the top with metallic or non-metallic powdered material. The process
of rolling or scraping powder from the previous layer and melting the powder
using a laser is repeated until the solid model is complete. The parts rest on the
non-sintered powder, which makes it unnecessary to use a support structure in
the process of building the models. The materials used in this production tech-
nique are nylons, polycarbonates, elastomers, steel, other sand materials and
polyamides.
Fuses deposition modelling (FDM) is a solid-based system and uses wiresmade
from plastic or metal materials. A nozzle, or valve, melts and extrudes the ma-
terial horizontally onto a plate to form a layer. The same process as used in SL
and SLS is carried out, by building up several thin layers from the bottom to the
top to form a solid model. Materials used with FDM are acrylonitrile butadi-
ene styrene (ABS), polycarbonates, polycaprolactone, polyphenylsulfones and
different types of wax. A support structure is needed with FDM technology,
and the support material used for this purpose is typically water-soluble. The
support material can be removed after the solid model is finished by hand or
with heated sodium hydroxide (lye). With FDM technology, the model can be
made in spars in order to save time and materials. A spars model is only a shell
and is not solid, meaning that it uses less material. The disadvantage of spars is
that the models are more fragile than if they were solid. [23]
The robotics and intelligent systems research group at the Department of
Informatics uses this kind of technology in one of their 3D printers in order
to prototype 3D models of ideas and concept designs. The other 3D printer
uses polyjet technology, which is a somewhat different technology to the FDM
and SL and includes jet heads that simultaneously deposit identical amounts
of photopolymer material. UV bulbs along the X-axis in the 3D printer emit
UV light that cures and hardenings the photopolymer material, layer by layer,
making a 3D model prototype.
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2.1.6 3D printing software
Using CAD software tools results in 3D models that can be made into physi-
cal prototypes, as discussed in 2.1.5. When prototyping and producing physi-
cal models, software is required to align and process the 3D models before the
printing process can begin. A standardised file format exists for converting the
3D models designed using CAD software into 3D printing software for open-
ing and reading the models and starting the printing process. The file format
is known as the stereolithography file format (STL), and STL files need to be
properly aligned in a 3D coordinate frame in 3D printing software before a 3D
printing machine can be built. Catalyst is one example of 3D printing software
that processes and reads STL files of 3D models and allows the user to place
and scale the files of 3D models in a graphical 3D coordinate frame. Setting up
the models properly can save time and materials in the printing process. The
3D printer software can also often analyse the amount of material left in a mag-
azine placed inside a 3D printer and can give feedback on the estimated time
left to finish, the amount of material the model requires and the potential use
and alignment of support material around the model.
3D modelling and printing claims to be the most commonly used rapid pro-
totyping methodwhen designingmachines andmechanical parts and products.
Different types of technology are used for 3D printing, as discussed in 2.1.5, and
for CAD software, which is discussed in more depth in 2.2.1. The advantages
of using 3D modelling and printing are that it produces fast results and accu-
rate CAD models. Rapid prototyping of robotic systems using 3D printers is
always desirable to evaluate and consider proposed designs for robots prior to
full prototyping in order to ensure the swiftest and most cost-effective changes
to the design [22]. The alternative is to use mechanical materials and to build
handmade prototypes, which has disadvantages such as minor or major inac-
curacies (compared to an optimised accuracy regulation system in a machine)
and the possibility of a lack of skills in using mechanical tools. Simulation is
also an alternative, but takes away the opportunities for practical testing and
further development.
2.2 Software
2.2.1 Design software
CAD software is used for designing, prototyping and drawing structures and
solid machine parts in 3D. Many of the existing software programs produce a
sketch of a 2D design on one of three planes, and then extrude the 2D design
Study and Development of Manipulators in an Academic Environment 25
to a 3D design. With sketching and dimensioning on the faces of the 3D model,
complex structures and machine parts can be made.
SolidWorks (SW) [24] is a piece of CAD software that was created in Decem-
ber 1993. The company has its headquarters in Concord, Massachusetts, USA.
The SW software is widely used in the industrial, medical, scientific, consumer,
educational, technology and transportation markets. SW is used by over one
million product designers in over 130,000 companies. SW is a typical "sketch
and extrude" programwith many other drawing functions and plug-ins as well.
The University of Oslo uses SW software in the faculty of mathematics and nat-
ural science.
Autodesk [25] was created in 1982 and has CAD software for animation, effect
and architecture businesses with currently over 10 million users. AutoCAD is
the Autodesk architecture software which has some similarities to SW in terms
of its purpose and use. Autodesk’s 3D Studio Max is also a well-known software
modelling tool, but is more commonly used in the animation, film and gaming
industries.
Open source and freeware software exists for 3Dmodelling purposes. Blender
[26] is open source and is an animation and game modelling software which
was released in Holland in 1995, but has its roots back in 1988. Blender is not
"sketch and extrude" software, but is more like a free modelling tool that only
extrudes simple models and works with drag and drop vertexes and polygons
on models. 3D Studio Max is also based on the same features. Another piece of
open source software for design is SketchUp [27], which was created by @Last
Software and Google. SketchUp was released for the first time in 2000 and was
developed with the aim of being more easy to use than other CAD programs.
SketchUp is an architecture tool as well as a game design tool, which is similar
to Blender but has a cartoon and cell shading material which is automatically
applied to the models drawn using the program. SketchUp is also designed to
be used with other Google software, such as Google Earth and Google Maps.
2.2.2 Programming language
For writing a control system and communication software to interact with hard-
ware such as robots or robotic devices, Java, C/C++, C# and other program-
ming languages are available and can be used. Special scripts and program-
ming languages, such as the Processing Language and Arduino, have been spe-
cially designed for interacting with hardware on a low level for mechatronic
purposes, such as robotics, as well as all other electronic and mechanic devices,
e.g. microwaves, timed outdoor lightning, ROVs etc. The Processing Language
is open source, and is a programming language for learning, prototyping and
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producing images, animations and interactions [28]. Another open source pro-
gramming language is called Wiring. The Wiring language is used to control
electronics and hardware and builds on the Processing Language [29] The Ar-
duino language is also open source, and is an electronic prototyping platform
to be used with, for instance, controlling motors and lights and receiving input
from a variety of sensors [30]. The language has been designed especially for
Arduino circuit cards with ATmega microcontrollers. The programming lan-
guage for programming the microcontroller is based on Wiring and Arduinos
development environment, which again is based on the Processing Language
and Java. Mathworks Matrix Laboratory (Matlab) is a high-level software lan-
guage and interactive environment for mathematics and optimisation, statis-
tical analysis, data and design, signal and image processing, communication,
simulation, testing and measurement, computational finance, databases and
the development of applications. Matlab was created in 1984 by the president
of Mathworks, Jack Little, and by their chief scientist, Cleve Moler, for math-
ematical computing [31]. Matlab provides graphs of measurements, calculates
complex mathematical problems and kinematics and is widely used for control-
ling, optimising, communicating and monitoring hardware such as motors and
sensors [32–34].
2.2.3 Calculation and communication
Advanced rigid robot devices need calculation and communication in order to
interact with hardware. A robot manipulator is composed of links which are
connected together by joints, where the joints can be either R or P, and requires
mathematical modelling to orientate itself in the workspace. Forward and in-
verse kinematics is the geometric description of the motion of a manipulator
without consideration of force and torque. Given the values of the joint vari-
ables, the forward kinematics determines the position and orientation of the
end effector on a robot manipulator. Inverse kinematics is the opposite, and
determines the values of the joint variables when the end effectors position and
orientation values are provided. End effectors are briefly introduced in chapter
2.1.3.
3D coordinate frames are necessary when performing a kinematic analysis
of a manipulator, and each link on the manipulator has its own coordinate sys-
tem. A transformation matrix is generated by translation and rotation of the
3D coordinate systems. The Denavit-Hartenberg (DH) convention is used to select
the frames of reference for a robot manipulator, and takes parameters from the
forward and inverse kinematics formulae.
As shown in Figure 2.4, 3D coordinate frames are required to determine the
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Figure 2.4:
Coordinate frames based on the Denavit-Hartenberg convention from [1]
kinematics for a rigid body such as this robotic manipulator. This manipulator
consist of R-joints only, and as a part of the DH convention, the Z-axis always
needs to be the axis upon which the R-joints rotate around. The DH convention
has one matrix per joint, where a joint is referred to as i in Figure 2.5
As shown in Figure 2.4, 3D coordinate frames are required to determine the
kinematics for a rigid body such as this robotic manipulator. This manipulator
consist of R-joints only, and as a part of the DH convention, the Z-axis always
needs to be the axis upon which the R-joints rotate around. The DH convention
has one matrix per joint, where a joint is referred to as i in Figure 2.5
The result is a matrix where di is the horizontal offset and ai is the vertical
offset for each joint, if there are any offsets. Alpha α and theta θ are volatile
variables, as the joint moves, according to the α, or rotates, according to the
θ. In the matrices the cos and sin are the cosine and sine of the variables and
offsets.
A robotic manipulator has DOF which are a given number of the manipula-
tor’s joints and the axes around which they rotate. Motoman’s IA20 industrial
robot is an example of this, and it has seven DOF; seven axes with seven ac-
tuators for each joint [12]. The kinematics and orientation of the workspace is
considered to become more difficult to calculate the more joints a robot manip-
ulator has.
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Ai = Rotz,θiTransz,diTransx,aiRotx,αi
=


cosθi − sinθi 0 0
sinθi cosθi 0 0
0 0 1 0
0 0 0 1




1 0 0 ai
0 1 0 0
0 0 1 0
0 0 0 1


×


1 0 0 0
0 1 0 0
0 0 1 di
0 0 0 1




1 0 0 0
0 cosαi − sinαi 0
0 sinαi cosαi 0
0 0 0 1


=


cosθi − sinθi cosαi sinθi sinαi ai cosθi
sinθi cosθi cosαi − cosθi sinαi ai sinαi
0 sinαi cosαi di
0 0 0 1


Figure 2.5: Matrix based on the Denavit-Hartenberg convention and the coordi-
nate frames for each joint
2.2.4 Open- and closed loop systems
Open- and closed-loop systems control the performance and behaviour of a sys-
tem. The performance of systems which use open or closed loops has character-
istics such as quality and stability, responsiveness and robustness. Optimization
of a system is required to perform i. e. accurate position, speed, acceleration,
torque or temperature variables.
The loop in a system can be controlled by either an analogue or a digital con-
troller. In an analogue controller, the loop is designed as part of the analogue
circuit hardware, while in a digital controller, the loop is programmed into the
software in order to optimise the system. There are some advantages of using
a digital controller rather than analogue controller, such as increased flexibility
with regard to editing or changing the software algorithm instead of changing
or editing the hardware in an analogue circuit-designed controller. One other
advantage is the increased level of decision-making capability. The implemen-
tation of, for instance, logical decision and nonlinear control functions and the
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Figure 2.6: PID loop
learning of experience algorithms would probably be impossible with an ana-
logue controller.
The open-loop control system does not include any type of measurement of
the actual response in the system. Open loop systems require no feedback, and
the use of a sensor for measurement is unnecessary. The closed-loop control
system is based on measuring the actual response in the system. The response
is the feedback signal in the system and is measured against the requested value
given to the system by a user.
The closed loop system has several kinds of control algorithms for deciding
on an error between the set point value and the actual value in a system, but
the most famous control algorithm which is used is the proportional, integral and
derivative (PID) controller. This controller can be defined to either use only the
proportional value, the proportional and integral values, the proportional and
derivate values or the proportional, integral and derivate values. The values in
the PID controller can be tuned and used to determine the error in a system.
The tuning of the variables results in the error being scaled between the process
value and a desired set point. [4]
The proportional value determines how the system will respond and react.
Larger errors will typically result in a larger proportional value, which causes
the system to respondmore quickly. With very high values of proportional gain,
the system will oscillate and be unstable.
The integral value is added to the proportional value in order to reduce and
eliminate the error. The larger the integral value, the faster the error will be
reduced, but a larger integral value will cause more overshoot.
The derivate value determines the slope the error in a system over time. It
also reduces the overshoot produced by the integral value. The larger derivate
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value, the lower the overshoot, but a larger derivate value will slow down the
system’s response.
Tuning these parameters individually and then adding them together will
stabilise a system. The known methods for tuning PID parameters include the
Ziegler-Nichols method [35]
2.3 Hardware
2.3.1 Microcontrollers
Microcontrollers are small chips which are used for controlling hardware. Ami-
crocontroller has input and output ports for communication with, for instance,
motors, servos, sensors and other types of hardware. The microcontroller in-
put and output ports read and write binary signals which are sent between the
hardware devices. Ports on the microcontroller are usually designed to transfer
8, 16 or 32 bits of data. The basic elements in a microcontroller are the Control
Processing Unit (CPU), memory such as Read Only Memory (ROM), Random
Access Memory (RAM) or Erasable Programmable ROM (EPROM) / Electri-
cally EPROM (EEPROM), input and output controls, data and status registers
and a data bus that connects the elements. Some microcontrollers have special
integrated pins in addition to the regular pins. These dedicated pins can be used
as regular pins for input or output, or can be used for PWM, further discussed
in section 2.4.1, which is feature included in most microcontrollers for regulat-
ing speed for DC motors [36]. Some of these pins are also dedicated to receive
(RX) and transmit (TX) data from serial communication ports or, for instance,
other microcontrollers. The special integrated pins depend on the design of the
microcontroller.
Figure 2.7: An illustration of ATmega328’s pin layout, from [37].
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Microcontrollers also often have interrupt routines that can be used for, for
instance, taking continuous readings from a sensor and doing something when
there is a change in the data from the sensor. There are many companies that
produce different kinds of microcontroller, such as Motorola, Intel and Atmel
AVR ATmega. Microcontrollers are generally used for many different tasks, but
are not the best products for real-time processing applications.
2.3.2 FPGA and ASIC
Field programmable gate array (FPGA) and application-specific integrated circuits
(ASIC) arewidely-usedmicrochips that control actuation systems, radios, walkie-
talkies, various sorts of robot, etc. The FPGA and ASIC contain configurable
and programmable blocks of logic with configurable interconnections between
the blocks, and consist of some analogue, but mostly digital circuits. FPGA
is a reconfigurable chip that is often used for prototyping, while ASIC is non-
reconfigurable. However, antifuse technology gives FPGAs the opportunity to
be non-configurable. Antifuse technology is nonvolatile, so the system configu-
ration data is not lost when the microchip is powered down. The configuration
data will be available when the power is turned on again. Antifused FPGAs are
the best protected against radiation and are therefore especially good for appli-
cations in space. Compared to the antifuse, Static RAM (SRAM) based FPGAs
need to be reprogrammed following every power-up, but can also be reconfig-
ured at any time. An ASIC is somehow smaller and faster than a FPGA, but
both the FPGA and the ASIC are better specialised for one specific task than a
microcontroller. The ASICs and FPGAs are typically used for real-time process-
ing. Xillinx, Altera and Actel are FPGA and ASIC production companies. [3]
2.3.3 Sensors
Sensors are for used measuring variables, and there are many kinds, such as
position, motion, velocity, acceleration, force and torque sensors in control sys-
tems. The positioning sensor gives feedback regarding position control. The
potentiometer is a position sensor that provides the change in position by the
change in resistance, wheter the change is rotary on linear. The change in resis-
tance converts to a proportional voltage change. The potentiometer is used for
volume control or motor control in electronic devices. Another position sensor
is the optical encoder, which can be rotary or linear and absolute or incremen-
tal. The optical rotary encoder has a round disc plate with alternate black and
white stripes or gaps every other around the disc, and has a laser or light sensor
that registers whether it is black or white, or a gap or plate on the disc. When
32 Study and Development of Manipulators in an Academic Environment
the disc rotates, the laser counts every other black or white stripe or gap and
associates it with binary values. Usually, there are two phases or channels that
register the stripes and which way the disc is rotating. Clockwise will be 00,
10, 11, 01 and 00, and so on. Anticlockwise is the opposite, and is 00, 01, 11, 10
and 00, and so on. 0 is often a black stripe or a gap and 1 is the plate or a white
stripe. The resolution of the optical encoder depends on how many stripes or
gaps there are around the disc. The more stripes, the higher the accuracy of
the encoder. The optical linear encoder follows the same principle, but with a
linear plate. Usually, the plate is divided into two patterns on one of the sides
of the plate. One of the patterns is black and white stripes or gaps, and the
other pattern consists of only one black stripe or gap in the middle of the plate.
With this technique, the encoder can recognise its starting position. The differ-
ence between incremental and absolute encoders is that an absolute encoder can
measure a position in relation to a reference position. An incremental encoder
will only be able to measure the change in position.
Tachometers are passive analogue velocity sensors and have the same con-
struction as the typical brush-type DCmotor, although tachometers are smaller.
The tachometer has an output voltage which is proportional to the velocity of a
shaft and consists primarily of a rotor winding, a permanent magnet stator and
a brush-commutator.
Accelerometers or acceleration sensors can be divided into three main types:
inertia-motion, piezoelectric and strain gauge sensors. Inertial motion-based
accelerometers measure acceleration with a small mass damper spring, which
is mounted on the surface of a specific object. Piezoelectric-based sensors have
materials that react to a charge in response to the application of force onto the
material, which is the so-called direct piezoelectric effect. The reverse piezo-
electric effect is the opposite, whereby force is generated as a response to an
applied charge. These sensors work when touch or pressure is applied to them.
Strain gauges are similar to inertia-based accelerometers. The difference is that
strain gauge-based accelerometers have a spring function that is provided by a
cantilever flexible beam, where the beam and not the displacement is measured.
The acceleration results from the strain proportional to the inertial force and the
output voltage proportional to the strain.
Force and torque sensors use inertia-based, piezoelectric and strain gauge
sensors in order to measure force or torque. These sensors, also called load
cells, often have an elastic sensing component that measures the strain when
force or torque is used on the component.
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2.4 Actuators
2.4.1 DCMotors
DC (Direct Current) is the oldest type of electromotor. The DCmotor has a stable
voltage, but over large distances, this voltage decreases. There are different
kinds of DC motors, which appear with or without brushes. Brushed motors
have poles around a shaft or rotor, which recieves current through brushes on
a commutator [38] that are connected to a power supply. The rotor moves in
relation to magnets around the commutator. The brushes allow the vurrent to
run through each of the poles so that the rotor rotates as a result of the attraction
between the poles and the magnets.
The power and speed of DC motors are measured in voltage. Pulse width
modulation (PWM) is a technique for regulating the average value of a DC volt-
age and is used with control systems, e.g., a microcontroller. PWM takes a con-
stant DC voltage and chops it into pulses or cycles. The distance between each
cycles regulates the average voltage, and the PWM value needs to be within
the interval from 0-255. Another way to regulate a DC voltage is to use pulse
amplitude modulation (PAM). The difference between PWM and PAM is that
PAM uses pulses which are related to the size or height of the DC voltage and
PWM uses pulses which are related to the width of one constant DC voltage.
Synchronised DC motors without brushes can be divided into two kinds of
brushless motors: Stepper motors and Reluctance motors. In brushless motors, the
magnets are mounted on the rotor shaft and the poles are mounted on the inside
of the shell that contains the rotor. The poles attract and repel the magnets
on the rotor so that the rotor rotates in one or the other direction depending
on the flow of the current in each of the poles separately. Typical DC motors
Figure 2.8:
Cross-section of a commutator
Figure 2.9:
Brush contact angle on a commutator
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have a voltage between 6 and 12V, but there are motors with larger voltages as
well, although 6V is the maximum voltage that a 6Vmotor can manage without
causing damage. The watt-torque on motors depends, in general, on howmany
poles the motor has, irrespective of whether it is a DC or an AC motor. [5]
2.4.2 Stepper Motors
Stepper motors rotate in mechanical steps with equal sets of angles and cannot
rotate more or less than the specific step angle. The number of digital pulses
(steps) determines the angle for each pulse throughout 360 ◦. E.g. 360 ◦ / 240
pulses = 1.5 ◦ for each pulse. In this example, this means that the stepper motor
can rotate through a minimum of 1.5 ◦ for each step. A stepper motor has no
need for position control, as the steps are controlled by given pulses for input.
There are different kinds of stepper motor: Variable reluctance stepper has
fewer poles on the rotor than the stator. The poles can be considered to be
like teeth on the rotor, and when one pair of poles on the rotor has a current
flowing through them, the magnetic field pulls the poles towards the nearest
stator poles. The step is complete when the given pair of rotor poles is lined up
with one pair of poles on the stator. Variable reluctance stepper motors usually
have step angles of 7.5 ◦ or 15 ◦ [5].
Permanent magnet steppers generally have step angles of 1.8 ◦, 7.5 ◦, 15 ◦, 30 ◦,
34 ◦ and 90 ◦. The permanent magnet stepper motor is a low-cost and low-
resolution type of motor, and has permanent magnets added to the rotor. This
type of stepper motor has no teeth on the rotor (like the variable reluctance mo-
tor) but instead has magnets in the form of a north and a south pole in a straight
line which is parallel to the rotor shaft [5].
Hybrid stepper is a combination of the variable reluctance stepper and the
permanent magnet stepper. The permanent magnets are iron caps which act
as teeth around the rotor and typically provide a step angle of 0.9 ◦ and 1.8 ◦.
For a stator with n phases and a rotor with m teeth, the amount of steps per
revolution would be nm. The hybrid stepper is also more accurate with regard
to positioning and is used in hard disk drives, among other things [5]. There
are also different specifications for each type of stepper motor.
2.4.3 ACMotors
AC (alternate current) was invented some time after DC. AC changes the di-
rection of the flow of the current continuously. The power in an AC motor is
regulated somewhere between 2 and 50 hertz, and AC motors do not lose any
power over larger distances, as DC motors do. There are primarily two kinds of
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Figure 2.10: Squirrel-cage motor, from Wikipedia
AC motor: induction motors and synchronous motors. Induction motors generally
have two kinds of motor: squirrel-cage motors and wound motor. Induction mo-
tors are typically asynchronous motors, in which the current is supplied to the
rotor by a wheel that is reminiscent of a hamster wheel. The squirrel-cage ro-
tor rotates when the current flows through the magnet poles, which are placed
outside and around the rotor. The more unusual wound rotor in an induction
motor has carbon brushes that bind slip rings to, for example, a variable resis-
tor that changes the motor slip rate. Synchronous motors have rotors that pass
the magnets around the rotor in the same relation as the AC, which results in
magnetic fields which cause the rotor to rotate [5].
2.4.4 Servo Motors
Servomotors are generally limited to rotating through a specific number of de-
grees, based on a coded signal which is sent to the servo. The servomotor has
built-in controlled circuits and a variable resistance, in contrast to the regular
electro motor. The accuracy of servos is usually very precise. Regular servos
have a 90 ◦ or 180 ◦ rotation limit with mechanical locking, but unlimited servos
also exist. The voltage is usually between 4.8V and 6V. Pulses are used to de-
termine how much the servo will rotate. The longer the pulse signal, the more
degrees the servo will rotate through before it stops. In order to control a servo,
a microcontroller can be used to program the pulses. There are both digital
and analogue servomotors. The principle is the same in both types, but digital
servos have some advantages. Digital servos have high-frequency amplifiers
that update the position of the servo 10 times faster than analogue servos. This
gives the digital servo the advantage of full power from the very beginning
when the signal is sent as input to the servo. Digital servos are often smaller
but more powerful than analogue servos. Servomotors have different types of
gears: nylon, karbonite and metal. This determines the quality, weight, speed
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and torque of the servo. Nylon is the weakest and lightest, but also the fastest
material. Karbonite is quite light, but fast and powerful as well. Metal is the
heaviest and most powerful, but also the slowest material. Metal gears are the
most frequently used in bigger servos for industrial purposes [5].
2.4.5 Pneumatic and hydraulic systems
Pneumatic and hydraulic actuators are used in, for example, linear or rotational
motion systems for lifting loads or to control the amount of liquid passing
through a pipe. Both pneumatic and hydraulic systems have a cylinder with
a piston for pressurising liquid or air that comes in through a valve. Pneumatic
systems use compressed air, while hydraulic systems use liquid (often oil), and
have pumps driven by motors to pump fluid in the cylinder through valves.
There are two types of cylinder which are used, regardless of whether they
are used in a pneumatic or a hydraulic system. Single-acting cylinders use pres-
sure from air or oil on only one side of the piston inside the cylinder. The sys-
tem usually includes a spring that pushes the piston back when enough fluid
has flowed through the cylinder. Double-acting cylinders use pressure on both
sides of the piston for control. The piston moves back and forth depending on
which valve the pressure comes from, on one of two sides of the piston.
There are different types of valve for pneumatic and hydraulic systems, but
there are only two main forms of valve; finite- and infinite position. Finite posi-
tion valves are simply open and close valves, while infinite position valves are
used to control the pressure of the flow, and move through a continuum from
fully open to fully closed. Directional control valves are of the finite position
type. These types of valve often have a spool that moves from blocking (for in-
stance) vent no. 1 while vent no. 2 is left open, to opening vent no. 1 and closing
vent no. 2 to control the flow of fluid. There are three main types of Pressure con-
trol valves: pressure-regulating valves, pressure-limiting valves and pressure-sequence
valves. Pressure-regulating valves are used to ensure that the operating pressure
remains at a constant value, while pressure-limiting valves are used to ensure
that the pressure in a system remains below a safe value. Pressure-sequence
valves are used to monitor the pressure value at a requested level and to take
action, e.g., switching the flow to another valve when a preset value is reached.
Servo and proportional control valves are infinite position valves. Servo valves use
servos to move a spool between vents in order to regulate fluid pressure, while
proportional valves regulate the movement of the spool between vents by the
fluid pressure itself.
Study and Development of Manipulators in an Academic Environment 37
2.5 Closing remarks
This chapter has presented the fundamental technologies which are used in the
development of manipulators and other robot systems. A broad and brief intro-
duction to hardware components, different types of robot, tools and techniques
has been given, and has enabled us to choose suitable methods for prototyping.
When entering the development phase in a project, a knowledge and under-
standing of important topics is necessary in order to provide a base from which
to develop the product. Several actuation systems have been discussed, with
examples of their use in different applications. Sensors are components which
provide feedback on various types of system, especially those relating to ac-
tuation. Control units for reading sensors and controlling actuation have been
addressedwith a short introduction to some types of component which are used
for these purposes. Design and design tools are major fields which are briefly
discussed and used in the development phase in the next chapter, as well as the
other topics discussed within this chapter.
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Chapter 3
Development of manipulator
The development phase was based on the different components and aspects
which were discussed in the previous chapter. Taking into account the differ-
ent technologies used in developing manipulators, a discussion of some of the
opportunities and choices which were made based on the introduction to ma-
nipulators, a development process is addressed in sections below. The essential
components discussed in chapter 2 have been chosen, tested and used in a ma-
nipulator which was developed and designed using some of the technology
which was introduced in the previous chapter.
3.1 Design
The design of manipulators is determined by the tasks which the manipulator
will perform. The way in which the actuators in the joints are assembled and
mounted together determines the purpose and application of the manipulator
and the workspace around it. The modular and rigid robots which were intro-
duced in chapter 2.1 are used for different applications, discussed in contexts
below.
Rigid robots are what we could consider to be mostly industrial manipu-
lators which are suited to applications like painting, welding, pick-and-place
tasks etc. Research on rigid manipulators is based on motion, torque, speed and
position control, with complex kinematics and experiments with different soft-
ware used for development and control. Further research within this field has
experimented with different hardware and actuators for the purposes of the de-
velopment and configuration of robotic arms. The classic PUMA 560, which is
an anthropomorphically-structured manipulator used for pick-and-place appli-
cations, among other uses, is widely used in the robotic field, andmany projects
have been based on this manipulator for experiments and testing in research.
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The PUMA robotic manipulator has been used for predictive functional con-
trol [39] and as an initial design for experimental use in the development of a
microcontroller-based robotic arm [40].
Rigid robot manipulators are configured for a limited set of applications and
have a lesser degree of mobility. However, some manipulators can be config-
ured for use in several applications with smaller adjustments andmodifications,
such as the MH50 from Motoman Robotics which is an industrial manipulator
which is suitable for arc welding, coating, dispensing and material cutting and
handling tasks. By varying the payload and the end effector configuration, the
MH50 can be fit for all of these industrial applications.
With modular robot systems, their applications and purposes are somewhat
different than those of rigid robot systems. Studying several research projects
and published articles on modular robotics, e.g., the micro snake robot [10] and
the fire-extinguishing snake robot [9], tells us that modular robotics are in use
in inspection and analysis operations rather than mechanical applications in
industry, as discussed above.
In the development of robots with modular-based designs, versatility, ro-
bustness, reliability and low-cost seem to be the goals and primary attributes
to fulfil according to previous research projects [41, 42]. Furthermore, self re-
configurability (SR) is a field inmodular robotics that appeals tomost researchers.
SR enables modular robots to be used in unknown environments with obsta-
cles and to assemble themselves in different configurations for different tasks
or even repair themselves when one module is damaged during an assign-
ment [11, 43, 44]. Modular robots is a hotspot in the robot field [45] and is proving
to be of greater interest to researchers than production companies. The ANAT
modular redundant robot from Robotic Design [46] is one of a few findings put
forward by production companies which provide and sell modular robotic sys-
tems.
In the interdisciplinary field of industrial robotics and modular and rigid
robot manipulators, some research has proven that development of prototypes
of rigid motion manipulators with modular designed parts can be refigured
and adapting several applications and work environments [47]. We can state,
following the discussion in chapter 2.1 and above, that a rigid robot manipula-
tor has a motion which fits industrial applications but lacks the configurability
which is necessary for more general fields. Based on this statement, a modu-
lar robot system has the flexibility and configuration opportunities which are
required to fit into many environments, but is not well suited for the same ap-
plications as a rigid robot arm which were concluded in 2.1.4.
Within this thesis, we will distinguish between sketches, designs and proto-
types. Sketches are paper drawings of concepts and early designs which do not
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take into account realistic dimensions. Designs include dimensions and are geo-
metric models of concepts. Prototypes are physical structures for testing which
are based on these designs.
3.1.1 Products and models of industrial manipulators
Studying industrial robots which have been developed by well-known, estab-
lished production and development companies shows us that some of these
products that this thesis rely on and use as references and examples was inspi-
ration for developing prototypes of manipulators. As discussed in chapter 2.1.2,
some of these products have configurations for limited sets of tasks, while some
of them have more general industrial applications.
The PUMA 560, as mention earlier in this chapter, is a six-axis revolute in-
dustrial manipulator which was widely used in the industry and is still widely
used in academia [39]. Each joint in the manipulator is provided with a 40V
brushless permanent magnet DCmotor, 24V electromagnet brakes, incremental
encoders for position feedback and a microprocessor [36]. The PUMA 560 dates
from the 1980s, and was used early on within the well-known company General
Motors for the purposes of development and production.
The IA20 fromMotoman Robotics, which the ROBIN research group uses for
its research projects, is a multi-application robot and one of the manipulators
used as the basis and inspiration for this thesis. The manipulator consists of
seven revolute axes and is constructed for use in almost any kind of operation
in the industry. The IA20 has an articulated structure with a 20 kg payload and
a total weight of 120 kg, and can be configured to be mounted on the wall, floor
Figure 3.1: In this figure, we see the classic PUMA 560 manipulator (A), Motoman
Robotics IA20 - 7 axis multi-application robot (B), Motoman robotics MH50 (C) and
ABBs IRB 360 (D)
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or ceiling, depending on the working area. The actuation system is provided
with AC servo motors and a motion range on the different joints from 120 ◦ to
180 ◦ and a maximum speed of 130 ◦/s to 580 ◦/s. The NX100 controller is the
control unit basewhich is used to control the joints in the IA20multi-application
manipulator which can manage up to eight concurrent jobs. The IA20 is known
for its revolutionary seven axes, also known as 7 DOF, and its best-in-class wrist
performance characteristics.
TheMH50, which is another articulatedmanipulator fromMotoman Robotics,
has six axes and is known for having the highest axis speeds in its class, with a
motion range from -170 ◦ to 360 ◦ and maximum speeds from 180 ◦/s to 360 ◦/s,
depending on the joint. This manipulator has AC-driven servos as actuation, a
weight of 550 kg and can manage payloads from 35 kg to 50 kg, depending on
whether it is the MH50-35 (long-reach) or the MH50 (standard configuration).
The MH50-20 is a lighter version, with a payload of 20 kg. As discussed earlier
in the introduction to this chapter, the MH50 is functional in many different ap-
plications and can manage the same mounting configuration as the IA20 on the
floor, wall and ceiling. The DX100 controller is the control unit base which is set
for this manipulator. The DX100 can manage and support multiple robots of up
to 72 axes or eight robots, and up to 12 concurrent or four systems jobs.
ABB’s IRB 360 flexpicker is an industrial manipulator which is suitable for
assembly, material handling, and picking and packing applications. The ma-
nipulator comes with smaller configurations for working ranges between 80 cm
and 160 cm, and has a stainless material design so that it can tolerate hot water
at high pressures in applications in the food industry. It can manage payloads
from 1 kg to 3 kg, depending on the configuration. Four different configurations
of this manipulator are possible: the standard configuration for fast-picking op-
erations; the high payload configuration, which allows payloads of up to 3 kg;
the long-arm configuration which allows it to reach up to 160 cm, but with a
smaller payload; and the compact configuration with a picking range of 80 cm,
which is more space-effective. The IRB 360 has four axes and a weight of be-
tween 120 kg and 145 kg, depending on the configuration. The four axes have
a common origin in the end effector, and one actuator in the other end of each
link.
3.1.2 Sketches
The very first sketch of a design and the configuration of the joints of a manip-
ulator are determined on the basis of the available hardware and on designs of
industrial manipulators in the industry. Sketching the joints in a manipulator is
a common method for setting up the DH parameters for calculating kinematics
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in robot technology, which is introduced in chapter 2.2.3 on page 26. In this
sketch, the DH parameters and coordinate frames were omitted, and only the
layout, type and direction of the joint was included. With a basic knowledge of
actuation and sensor systems, which were introduced in chapter 2.3 on page 30,
and different configurations of industrial manipulators as discussed in chapter
2.1.2 on page 17, R-joints driven by electric actuation systems often have greater
workspaces than manipulators with P-joints in the industry. Hydraulic and
pneumatic actuation systems, which are often used as the actuators in P- joints,
could result in more complex designs and prototypes considering the hydraulic
robot shoulder which is based on a combinatorial mechanism [48] or the hy-
draulic robot manipulator with sliding mode control [49]. However, hydraulic
or pneumatic actuation uses simple kinematics, as mentioned in 2.1.2. When
using pneumatic actuation for R-joints in a manipulator, the level of accuracy
would be minimal. As an example, we can consider the pneumatic actuation-
driven biped robot controller, or the so-called robot chicken [50], which have
a binary operation (1 or 0) for controlling the pneumatic actuators to be either
fully compressed or fully extended. A R- or P-joint in a manipulator demands
gradual movement and not a system with only two options; fast extended or
compressed link operations. However, there are also artificial muscle fibres that
are controlled by pneumatic actuators. The most frequently used artificial mus-
cle fibre technology is the McKibbon muscle, which typically uses materials
such as latex or silicone rubber to form a cylindrical braided muscle with both
tubes and sleeves connected at both ends on the actuator [51]. Taking into ac-
Figure 3.2: The first sketch of an idea for the configuration of joints which was discussed
early in this thesis. This is a typical way to describe the layout of joints in a manipulator
at an early stage of development.
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Figure 3.3: Some of the first paper sketches based on the sketch of the joint alignment
shown in Figure 3.2 on the previous page. The paper sketches came from a discussion
with my supervisors and were considered with regard to the technology available and
the scope of what was possible within this thesis.
count what is available in terms of hardware in the laboratory in the Depart-
ment of Informatics at the University of Oslo, the design process was based
primarily on electrical motors for R-joints.
The designs are mostly inspired by several designs for robots that were men-
tioned first in this chapter and in the chapters 3.1.1 and 2.1. The CAD software
which was used to develop the design was 3D Studio Max and SolidWorks,
which is introduced in chapter 2.2.1 on page 24. Several models were modelled
in SolidWorks with the aim of developing designs based on a study of other
rigid motion industrial manipulators and modular robots. Drawing concepts
and ideas was necessary in order to provide a basis for further designs, for the
purposes of development and to define the further development within this
thesis. Inspired by the Motoman IA20 multi-application robot, the first concept
of a rigid robot arm was designed in 3D Studio Max.
As we can see in Figure 3.4, the robot arm has several joints, which were
somewhat inspired by the seven-joint multi-application robot Motoman IA20,
but with a different design on each link. Depending on what we consider to
constitute a joint in this figure, we can see a maximum of 10 joints and a mini-
mum of 7 joints. This depends on whether or not we consider every structural
change in the parts to constitute a joint. With this design, the type of motor or
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servo and the positioning sensors were not considered. The bottom joint in this
design is the largest link, with an abatement in the size of the joints towards
the last joint at the top of the manipulator. This took into account the force,
torque and inertia that the robotic arm would experience at the bottom joint
when lifting loads. By decreasing the torque of the motors or servos from the
bottom joint to the top joint, the manipulator is able to have safer payload oper-
ations. This is a common design method in robotic manipulators for preventing
damaged and broken joints in manipulators. With regard to kinematics and dy-
namics, the force is greatest in a bottom joint, as the bottom joint also has to
lift the other joints which are further up in the manipulator. The mathematical
formula for calculating the turning force on an object rotating around an axis is:
τ = r× F
This formula was only briefly looked into and further consideration onmath-
ematical calculations of force, torque and intertia in this thesis was put asside
for more focus on the design and process of development.
Inspired by the micro snake robot in the research project concerning pipe
Figure 3.4:
First design of a rigid robot inspired by
the Motoman Robotics IA20,
shown in Figure 3.1.
This model is designed in 3D Studio Max.
Figure 3.5:
Early designs of modular robots.
(A) is inspired by the SR M-TRAN and
(B) the micro snake robot [10].
This model is designed in 3D Studio MAX.
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inspections [10], the fire-extinguishing snake robot from Sintef [9] and the SR
M-TRAN [11], two firsthand modular robot models were designed for the pur-
poses of comparison against the rigid robot prototype, in order to decide on the
direction in which the development should progress.
As we will discuss later in this report, in chapter 4 in section 4.2, 4.3 and
4.5 on page 87, 87 and on page 106, there were challenges involved in using a
sensor and a motor separately in designing and controlling a manipulator. Sev-
eral simple drawings and sketches featuring separate sensors and motors were
designed and discussed in the early stages, in order to create a design that was
effective, robust, low-cost, reliable and innovative, based on the prerequisites
that other research projects had complied to and what was realistic for a proto-
type created by the ROBIN research group.
3.1.3 Designs
The sketches were made into 3D models and then assembled in SW, which was
introduced in 2.2.1, in order to study the layout of the joints with respect to the
hardware. As we can see from Figures 3.6, 3.7, 3.8, 3.9 and 3.13, the first designs
mostly consisted of the bottom joint only. It was important to have a good de-
sign with regard to the weight of the joints, actuation, sensors, the coupling of
cables and the 3D printer in order to be able to print the design and make it into
a prototype. As discussed in chapter 4.3 on page 87, the design of further parts
for the manipulator was difficult before the first part was properly designed.
The design of each joint needed two parts which were connected to form a link.
With the first part, it was important to design it on a level that made it possible
to develop a second part to properly connect with the first bottom part. De-
signing the parts was difficult due to issues in the design process with regard
to further linkages in the assembly and the interaction and motion between the
links, which is discussed inmore depth in chapter 4.3 on page 87. Without imag-
ining the entire manipulator in its assembled form, several of these designs for
simple parts were moved aside and replaced by new designs during the design
process.
Actuation will always be the power train in each joint of a manipulator. Dur-
ing the design process, the motor was always considered as the basis of the
construction, and the parts were developed based on the motor as the starting
point. Furthermore, the encoder shaft needed to be aligned with the motor axle
in order to measure the number of degrees and the direction of rotation of the
motor properly. In the early design sketches, simple patents were considered
for mounting the encoder shaft so that it would be directly aligned with the
motor axle, with a specially designed part for coupling the shaft and axle to-
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gether. The head of the encoder needed to be mounted on one part while the
shaft needed to be mounted on a movable part connected to the motor axle.
The connection between the encoder shaft and the motor axle can be aligned
in a range of ways. We can have directly aligned or parallel aligned centres of
both shafts which are connected horizontally or vertically to each other, but it
would also be possible to use mechanical parts, e.g. bevel gears, to connect the
shaft and axle together perpendicularly or other offset designs. There were sev-
eral challenges in designing the alignment of the encoder shaft and motor axle,
which are further discussed in chapter 4.3 on page 87.
In order to have a flexiblemanipulator, the obstacles which appear in a given
operating environment had to be prevented or resolved. Wires for the hardware
electronics became an issue after the first designs were considered. As the num-
ber of wires and cables between the hardware increased when more motors
were connected to the control system, a design with a proper layout for the ca-
bles and wires was necessary. Wires and cables, which constitute a common
issue with manipulators, have to be stable while in motion. As discussed in
chapter 4.2 and 4.5 on page 87 and 106, motors and sensors constituted separate
components in the designs of manipulators within this thesis. Using separate
components results in more wires than with use of servos that are specially de-
signed for use in robot arms. Several patents regarding the layout of wires and
cables between servos and control chips in manipulator exist, but as part of
copyrighted and classified designs owed by development companies. The lay-
out of the wires and cables was, in some of the designs in this thesis, considered
to be put in the centre of the joints in order to allow each joint to rotate properly
without stretching or cutting any cables or wires.
The physical size and torque of the motors limited the designs. Using one of
the smaller motors from the components and hardware companies ELFA and
SparkFun, as discussed in chapter 3.3.2, resulted in several different designs.
Based on one of the earliest hand-drawn sketches on paper, shown in Figure
3.3, a small and cost-effective design was created.
With regard to loose cables, the design shown in Figure 3.6 was designed
with the cables placed in the tube on which the encoder and the motor are
mounted. Issues with mounting further joints appeared when the encoder and
the motor were aligned in the bottom part. Difficulties occurred when we tried
to join the encoder to the bottom part when the second part was first attached to
the motor axle. Furthermore, the motor was to be mounted either with screws
on top of the gearbox or dropped down a cylindrical tube with a design that
tightens and prevents the motor from wiggling when the motor axle is in mo-
tion. With regard to attaching the motor by use of two screws mounted on the
gearbox on the motor, the problem was that the screw head came out too far
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Figure 3.6: This was designed based on some of the earliest paper sketches which were
considered for development in this work. The figure shows a cross-section of the joint
(to the right) on the inside of the joint which is shown to the left.
and conflicted with the length of the motor axle, which was connected to the
second part of the joint. Furthermore, the issue of a lack of accuracy and torque
for low PWMwith the smaller motors appeared. This is also discussed in chap-
ter 4.4 on page 95, where further issues relating to position accuracy and torque
are also addressed.
Studying the mechanics and actuation systems in joints in several industrial
manipulators, such as the IA20 and the MH50 from Motoman Robotics and
RepRaps such as theMendel discussed in [52], shows us that it is common to use
gearboxes to scale the torque, speed and position accuracy of servos andmotors
in robotic joints. A basic knowledge of gears was acquired in the mechatronics
course, discussed in chapter 1.1 on page 11.
The design with regard to the coupling of cables between the hardware com-
ponents was formed into several designs and prototypes in which motors and
sensors were mounted and offset with regard to the centre of the joint. As the
centre of the joint was free from motor or sensor shafts, the cables were able to
go through the joints without being stretched or cut off during rotation, as we
can see in Figure 3.7. In order to make it possible to place cables in the centre
of a joint, toothed gears were developed in a chain so that the motor and sensor
could be mounted to the side of the centre with a gear on each shaft and a gear
in between them.
This solution made it possible to have the cables from the hardware on the
second part running through the joint and into the first bottom part without
stretching or cutting the cables while the motor was in motion. The second
part was never finished or tested in practice, but we can see from the design in
Figure 3.7 that the solution with a hole in the centre of the middle gear would
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Figure 3.7: Design with use of gears. (A) shows the gears and parts in assembly, (B)
shows the part where (e) symbolises the placement of an encoder and (dc) symbolises
the placement of a smaller DC motor from ELFA. Where the encoder is to be mounted,
we can see that the space required for human hands to mount the encoder has been taken
into account. The hole through the model was designed for the layout of cables in the
centre of the joints. (C) shows a cross-sectional view, with symbols representing the
encoder and motor placement.
have been themost likely to have workedwith regard to the issue of loose cables
hanging around.
When using gears made from ABS plastic and acetal material for the ac-
tuation system and the sensor, the positions proved to be more accurate, but
required more complex designs, which are discussed in more detail in chapter
4.4. Several toothed gears were ordered from a production company in order to
test the motor and encoder assembly. The available gears had different numbers
of teeth and bore diameters, but the same thickness, and they were all made of
acetal material. Independently of most of the gears, they fitted together in sev-
eral configurations, depending on the gearing. Bevel gears were also ordered
in case a design was developed where the motor and the encoder were perpen-
dicular to one another (requiring an offset displacement of 90 ◦). Some of the
gears had a bore diameter that was identical to the motor axle diameter, but
needed drilling in order to tighten the gear onto the axle with a screw. Based
on the profiles of the gears ordered, further gears were designed with which
were properly adapted to the encoder shaft and motor axle in SolidWorks. The
alignment of the gears with the motor axle and the encoder shaft was not ac-
curate enough with regard to the vacillation of the gears when the motor is in
motion. Issues relating to alignment with the motor axle and the encoder shaft
are discussed in more detail in chapter 4.3.1 on 87.
The issue when designing joints with the motor and the encoder as separate
components is the flexibility, movement and lack of degrees of rotation of the
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joints. When using gears to assemble and connect the motor axle and encoder
shaft in a joint on the same side of one part, as illustrated in Figure 3.7, a solution
which increased the flexibility andmovement of the joints was provided. In this
design, the joints were similar to the flexible joints in the IA20 multi-application
robot. This solution is further discussed in chapter 4.3.1.
Pulleys were not considered in the design process due to a pre-existing pro-
totype of a modular manipulator with a solution that consisted of a drive chain
made of pulleys, created by the ROBIN research group [47]. Pulleys have the
disadvantage of often requiring more complex designs and engineering than
other solutions, e.g., the design of the IA20. The quality and durability of pul-
leys is often less than that of gears, and they need to be changed from time
to time. The payload when using pulleys is also less than when using gears,
depending on the material.
With the design shown in Figure 3.7, the hub on the gears is meant to fit into
a lid which is aligned inside the round edge on top of the model. With the lid
attached with holes for the hubs, the gears will be steady in their placement on
the part. The next part is to be mounted on top of this design and attached to
the hub in the middle gear.
Due to issues with the accuracy of the 3D printer used for prototyping some
of the designs and the best dimension parameters for fitting the hardware com-
ponents into the designed models, which are addressed in 3.1.6 on 62, further
versions of the design, shown in Figure 3.7 were created. The model shown in
Figure 3.8 has the same patent and configuration as the one in Figure 3.7, but
the assembly is divided into several parts, unlike the previous design. Child-
hood diseases were removed from the previous design and new features were
added, which are further discussed in chapter 4.2. Fixing the screw holes onto
the bottom surface of the part provided opportunities to stabilise the manipu-
lator. In order to assemble further joints, the manipulator needed to be fixed
in order to form a base, as discussed in 3.1.4, and so that it would not roll over
when in motion. Notice the conical shape of the highlighted screw holes, used
to create a sustainable attachment to the base.
Instead of the surface that was in the previous design, which was intended
to stabilise the next part which was to be aligned on top, poles were designed
to ensure sustainability of further parts. As discussed in the previous design,
shown in Figure 3.7, the cables were intended to run through the centre of the
middle gear. The possible weight of the structure of the entire manipulator
required a more sustainable design. A pole with ball bearings to stabilise the
structure and fixing the joint through the hole in the centre of the middle gear
was considered. When using a hollow pole, the cables would still have the
opportunity to be laid through the centre of the middle gear inside the pole. A
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Figure 3.8: This design is the descendant of the design shown in Figure 3.7. (A) shows
a designed model divided into several parts, with the gears assembled. The gear in the
middle is driven by one of the smaller gears on the side and is powered by a DC motor.
(B) shows where the DC motor (dc) and the encoder (e) are mounted in the assembly.
(C) shows where the ball bearing is mounted.
hollow pole was never mounted in this design, due to the challenges with the
accuracy of the position of the motors used with this design, as discussed in
chapter 4.4 on page 95. A ball bearing was attached inside the design, as shown
in C in Figure 3.8 and mounted inside the prototype shown in Figure 3.21.
Aminor difference between this design and the previous design is the align-
ment of the hubs on the gears. In this design, the hubs are aligned and held
in place in oversized holes in the model. A lid was designed to align with the
thickness of the gears and the next part, which was to be coincident on top of
the gears and the lid. This design seemsmore stable, with the hubs held in place
down in the oversized holes in the bottom part and with the addition of the ball
bearing, which would tighten the structure further with a pole through the hub
on the middle gear in the oversized holes.
A third version, based on the designs shown in the Figures 3.7 and 3.9 was
designed. Due to issues with the position accuracy of smallermotors, addressed
in chapter 4.4 on page 95, a design with another type of DC motor was needed.
This design, shown in Figure 3.9, is meant to fit with the E192.24.125 DC motor,
purchased from ELFA, discussed in chapter 3.3.2 on page 76. The principle is
the same with this design as with the designs in Figure 3.7 and 3.8. The five
openings in the model shown in Figure 3.9 are for cables designed to connect
the hardware to the power supply, microprocessor and computer. Furthermore,
the openings help to provide an overview and to cool the components while
they are being used. The model shown in A is the design without having been
assembled with other components. Five openings, five screw holes and five
pillars were designed for mounting further parts and providing what wewould
like to think of as a good sustainable structure. Oversized screw holes for fixing
the model to a base surface and holes for gear hubs were not included in the
design, as it was not considered necessary until a decision regarding whether
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Figure 3.9: This design is based on the designs shown in Figure 3.7 and 3.8. Taking
into account the issues associated with weak motors, discussed in chapter 4.2 on page
87, this design is for the motor E192.24.125. (A) is the bottom part and (B) is the
assembly with the gears and motor. (C) is a cross-section of (B), where we can see the
motor and encoder mounted on the part.
or not to make a prototype of the design was made. B shows the assembled
model with the components. A lid was designed, as in the previous designs,
with place for a gear in the centre where the DC motor is aligned. C is a cross-
section of B, showing where the encoder and the DC motor components are
mounted to the lid.
With the joint design solution using gears with the actuation in Figures 3.7
3.8 and 3.9, the possibility of having a rotation of over 360 ◦ in the bottom joint
was proven. The IA20 discussed in 3.1.1 only has the ability to rotate through
180 ◦ each way from a ground position of zero, meaning a total amount of 360 ◦
from end to end. A rotation of over 360 ◦ provides opportunities for tasks such
as following movable objects in a constant one-way circular rotation.
Two models for a second part to form a joint were designed in order to ex-
periment with the design of the manipulator. Designing a flat platform on the
second part to connect with the first part made the second part suitable for
mounting on the three initial designs of a robotic joint with gears (see Figures
3.7, 3.8 and 3.9). As the first sketch in Figure 3.2 shows, the second joint was
designed to be perpendicular to the axis on the first joint.
One of the designs for a second part is shown in Figure 3.10. This design was
mostly inspired by theMotoman Robotics IA20, as discussed in 3.1.1. As shown
in the area B on the figure, a gear was intended to fit inside the cylindrical hole
and to connect with another part to form the joint. Due to the issues relating to
the motor’s torque, addressed in chapter 4.2, this design was put aside. Thema-
chine part was also considered to be an advanced and complex design which
could cause several challenging issues if prototyped with respect to the con-
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Figure 3.10: (dc) is where the motor should be mounted. The gear in the center is where
the next part is supposed to be connected for making a joint. (e) is where the encoder
should be mounted. As we can see from this figure, the motor axle and the encoder shaft
would be aligned in parallel, as in Figure 3.8 and 3.9.
nection to another part. The other design for a second part is shown in Figure
3.11. With this design, the motor and the encoder are directly aligned, and can
be attached from both sides in order to connect with a third part to form the
second joint in the manipulator. This design was strongly considered for a 3D
print prototype, but due to further design concepts and issues with the use of
the smaller ELFA and SparkFun motors, holes for mounting screws in order to
form a connection with the first part were never designed, and this design was
put aside. This design was reconsidered once more when using the E192.24.125
motor discussed in chapter 3.3.2 on page 76. The connection point shown in C
in this joint was considered to be too weak to lift the weight of several more
parts in a series of joints coupled together. In order to fit the E192.24.125 motor
inside the motor area shown inA, the space (where the two parts meet) between
the motor and the encoder Bwas reduced. For prototyping using ABS material,
the connection point was considered to be critical with regard to the torque of
the micromotor.
As is discussed in more detail in chapter 4.1, the design of the prototypes
was a major field within this thesis. Due to developing and using the ma-
nipulator in an academical environment as an introduction to learning about
robotics and as a tool for students to develop and research other control sys-
tems and their applications, the design was to be simplified and configurable.
Inspired by the modular configurable design of the rigid robot manipulator X1,
which is used as a tool in mandatory exercises in the introductory course to
robot technology (discussed in 1.1), the idea of designing modular parts to be
assembled in different configurations emerged. X1, the precursor to the X2 [47],
which was developed by ROBIN, consists of one modular part which was de-
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Figure 3.11: (A) is where the motor should be mounted, (B) is the joint with the con-
nection point for the next part, and (C) is where the encoder should be mounted. As we
can see from this figure, the motor axle and the encoder shaft would be directly aligned
on the same axis.
signed using a separate encoder and motor. The X1 design allowed several of
the modular parts to be assembled in serial chain arrangement, but they were
always perpendicular to the previous part in the chain, creating opportunities
for different configurations. Basically, the X1 modular design allows the user
to define the length of the manipulator, depending on how many parts are as-
sembled. However, if too many parts are used in the chain, eventually issues
will arise regarding the weight of the arm, kinematic calculations and flexibility.
In an assembly with several of the modular parts, the rotating axis point in the
coordinate frames for each joint gave offsets on the DH parameters, introduced
in 2.2.3 on page 26. Calculations of offsets do not necessarily create difficulties
with kinematics, but in this case, due to issues with complex kinematics, the X1
was put aside for further development.
The descendant of the X1, the X2, was developed for the same purpose as the
X1, but also with consideration for further research projects. The new aspect of
the design of the X2 was that it could be assembled in different configurations
as well as a serial manipulator, e.g., a walking robot with four arms, discussed
in [47]. The X2 actuation system is driven by DC motors attached to pulleys for
rotating parts and reading the encoder. Following on from the design of the X2,
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Figure 3.12: (A) is the X1 and (B) is the X2. Both prototypes are developed by
ROBIN for academical and research purposes. (©Mats E. Høvin, Associate Professor
in ROBIN, Department of Informatics, University of Oslo)
a simpler design without a system using pulleys was put forward as an idea.
Designs using gears in unlike using pulleys are shown in Figures 3.7, 3.8, 3.9
and 3.10
Creating a modular design for teaching students how to design robot ma-
nipulators and carry out research on reconfiguration for different applications
relied on the hardware components that were available for use in this thesis.
A design which was inspired by the design shown in Figure 3.6, but with two
parts instead of one, was created to attach the motor onto one of the parts and
the encoder to the other, thus aligning the components as in Figures 3.6 and 3.11.
An initial designwith flat surfaces on the sides of themodel for easily alignment
with other similar parts was designed. The dimensioning and measurement of
holes for mounting the parts together was found to be easy when the part had
flat surfaces. When analysing the flexibility by rotating the joint, the surfaces of
the parts would collide with each other after a few degrees of rotation, thereby
reducing the flexibility of the joints. By making the length of the area for the
connection from module A to module B2 a bit longer, as shown in 3.13, this
problem would disappeared. However, further issues with the costs of printing
the prototypes and taking up space in the workspace of the manipulator would
occur.
The concept of the design shown in Figure 3.13 was considered to be a
proper design for prototyping, but needed further design work in order to im-
prove the flexibility of the joints. The development of this modular design took
place in several phases, and improvements were made to each version of the
design. The next version of a modular-based design had smoother surfaces on
the parts which formed tubes and cylindrical shapes in the structure, thus pro-
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Figure 3.13: (A) is a module which the motor should fit inside, (B1) is a module for
mounting an encoder, and (C) is the critical area where the sharp edges of the parts
would result in reduced flexibility. (B2) is (B1) flipped upside down. This forms the
joint and enables connections to other parts.
viding better alignment and flexibility in the links. These shapes proved to be
better for fixing the motor and encoder in the design, as well as minimising the
solid mass in each of the parts. Hubs were designed to connect the tubes on
each part together, and to strengthen the connection between the parts prop-
erly, taking into account the weight of further parts in an assembly. In order to
create the opportunity to reconfigure the parts as much as possible, each of the
parts was designed with two options for mounting the hub in order to connect
with parts of the design, as shown in A and B in Figure 3.14.
Depending on the application, these two options enable the joints to be con-
figured in different ways. Area C in this figure is a critical area in which further
design work was needed, while D shows the hubs for connections between the
machine parts.
Improving flexibility in the joints was accomplished with the use of smooth
surfaces, but further conceptual design work on the connection between the
motor and the encoder shaft, as well as the connection to the movable parts,
was to be carried out. As discussed in chapter 4.2, challenges within the critical
area where the motor shaft is mounted on the movable part were met with sev-
eral design solutions. The two issues were connecting the motor shaft and the
encoder shaft, and construction of a fixed part for themotor axle, attached to the
movable part which made up the joint. The next version of the modular design
had a part that connected the motor shaft to the encoder shaft. This machine
part, shown in Figure 3.15, has the shafts directly aligned and screw holes to at-
tach the movable part that was to be rotated by the motor to form the joint. This
design carried forward the improvements from the previous design, as well as
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Figure 3.14: A design with tubes and cylindrical shapes to improve flexibility in the
rotating joints
the connecting part that rotated the next machine part in the manipulator. The
A in Figure 3.15 shows the machine part connected to the motor shaft and the
movable part.
The two options for connecting the parts to the hubs, shown in Figures 3.14
and 3.15, limited where the rotation around the axes could be set. In order
to improve the configuration setup, the tubes and the cylindrical shapes were
redesigned as semi-tubes and semi-cylinders with flat faces on the side which
faced away from the rotation axis, as shown in Figure 3.16. Lids were designed
in order to help the hubs to stabilise the connection between the parts and to
provide further options for mounting parts for different configurations. The
design shown in Figure 3.16 has three options for mounting parts on the flat
surface of the semi-tubes, as shown as A, B and C, and the option of attaching a
part to form a joint, as shown inD. The placement of parts shown inA and C are
normally offset or parallel to the axis of rotation, while Bwill be directly aligned
or perpendicular to the previous joint, with respect to its origin. The D to the
right shows us that the joint could be in one of the two areas. The motor shaft is
to be placed on either one of the sides ofD, shown with arrows. E shows the lid
that was designed to enable the three options for the alignment of the machine
parts.
Two sorts of hub were designed in order to connect the machine parts. The
thickness of the hubwalls and the four screw holes on each hubwere considered
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Figure 3.15: A similar design to the design shown in Figure 3.14, but with a modifica-
tion for attaching the machine part to the encoder and the motor shaft and the connection
to the movable part.
to be more than appropriate for this purpose. One of the hubs has a typical
straight design, as shown in A in Figure 3.17, for connecting with two machine
parts, while the other hub has two hubs which are perpendicular to one another.
This hub was designed to connect three machine parts together, where two of
the machine parts were perpendicular to the third machine part. Examples of
uses for this hub are shown in Figures 3.14, 3.15 and 3.16.
With the modification to the design shown in 3.16, a configuration using the
flat side of the semi-tubes could be amalgamated with another similar config-
uration using the flat side of the semi-tubes. A suggestion for the use of the
different hubs for attaching the machine parts shown in Figure 3.16 is shown
in Figure 3.18. This design carried forward the improvements from the designs
shown in Figures 3.14 and 3.15, and also enables a variety of configurations of
the rigid manipulator for different applications, as discussed in 4.6. As shown
in Figure 3.18, this design allows wires to go from the motor and the encoder
through the hubs in each of the joints without being twisted or crushed when
the joints rotate. The Arduino and the motor driver, discussed in chapter 3.3.1
and 3.3.3, receive the wires from the actuation system outside of the entire ma-
nipulator.
As is discussed in more detail in chapter 4.5, the material used for proto-
typing is expensive and designs are to be carefully considered before produc-
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Figure 3.16: This design shows where the hubs can be placed in three different ways to
connect to the other machine parts, in addition to the connection to the joint, shown as
D.
tion. The hubs for stabilising and connecting the two modular machine parts
together were considered to be unnecessary when the lids, shown as E in Fig-
ure 3.16, was designed. The lids connected the modular machine parts as well
as the hubs. As there was no focus or required specifications within this thesis
regarding the sustainability of the manipulator structure, other than that it had
to hold its own weight, the hubs were removed from further designs.
As discussed in chapter 3.1.4, the control circuits can be placed in a base or
inside a manipulator close to or in the joints. When the hubs were removed
from the design, more space became available in the semi-tubes and the lids
needed to be changed to allow a alternative connection for replacing the hub
shown in Figure 3.17, B. Considering the components and actuation system, the
design without hubs had room for the Arduino boards and motor drivers in-
side the machine parts. The design shown in Figure 3.18 was taken as a basis,
and minor changes were made to the design in order to fit the Arduino and the
motor driver inside the machine parts. The lids that replaced the hubs and pro-
Figure 3.17: Two hubs for connecting machine parts and holding them together. A
shows a standard hub while B shows two hubs perpendicular to one another, for con-
necting three machine parts together.
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Figure 3.18: This design shows a typical configuration, with an assembly of two parts
connected with hubs and a specifically designed lid for enabling options for offsetting
the joints in the manipulator. Wires from the motor and the encoder are shown go-
ing through each joint without being destroyed. This was checked in SolidWorks with
moving the 3D designed joints in the assembly of the manipulator for simulating the
indented motion.
vided further options for aligning the machine parts in the joints were used to
attach the Arduino and the motor driver. When attaching the Arduino and the
motor driver to the lid, holes for mounting the circuit boards were designed.
The lids were also designed with one fixed base to connect the machine parts
perpendicular to the lid, as shown in B in Figure 3.19. This design has the Ar-
duino and the motor driver attached inside the machine parts which form the
manipulator and does not feature the hubs that connected the machine parts in
the design shown in Figure 3.18. The attachment of the Arduino and the motor
driver inside the machine parts is also addressed in chapter 4.6 on page 108.
Further stabilisation, in order to gain more sustainability in the structure, was
designed using common sense. In addition to the lids that connect the machine
parts, screw holes in each machine part were also designed in order to create a
direct connection between the parts for mounting with screws.
This section has discussed the design from the very first sketch of an idea
and concept, through a challenging development process, to the designs for
Study and Development of Manipulators in an Academic Environment 61
Figure 3.19: This design features the Arduino and the motor driver inserted and at-
tached to the lids that connect the machine part. We can also see on view B that wires or
cables from the components to Arduino goes safely inside the joints as discussed through
all the designs earlier in this chapter
proposed manipulators which are addressed in chapter 4.1 on page 85 and in 5
on page 115. Some of the designs discussed within this section have been pro-
totyped and tested with the control units and hardware components discussed
in chapter 3.2 on page 63 and 3.3.2 on page 76. Some of the prototypes are
discussed in chapter 3.1.6 on page 62.
3.1.4 Base and platform
When designing manipulators, a base is always considered and placed where
the first joint of a serial manipulator usually is. Circuit boards, which are further
discussed in chapter 3.2 on page 63, were designed to be attached to a base
platform, with cables from the motor and the encoder running through all of
the links in the manipulator and connecting at the base. Commercial industrial
manipulators usually have circuit boards for joint control attached inside each
link and an overall control circuit and power supply at the base platform, e.g.,
the IA20 from Motoman Robotics with the NX100 controller.
3.1.5 Workspace
Workspace is the area in which a manipulator can move its links with regard
to the end effector, which is briefly introduced in chapter 2.1.3 on page 20. De-
pending on the linkage and the configuration of the joints, the workspace helps
to determine the working area and application of the manipulator. In order to
determine the workspace in a manipulator, simulations and sketches of scenar-
ios with different angles in the joints are produced. In the designs shown in
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Figures 3.18 and 3.19, the workspace depends on the proposed configurations
shown in chapter 4.6 on page 108. In a further development, determination of
the workspace will define the main operating area of the assembled manipula-
tor.
3.1.6 Prototypes
Many of the designs were prototyped for testing with hardware components
and control units. The prototypes were printed using a Stratasys SST768 3D
printer, which is one of the two 3D printers available to the ROBIN research
group.
The very first design to be made into a prototype was the design shown in
Figure 3.7. The prototype was printed in spars and took approximately 36 hours
to finish. The challenges associated with this prototype are discussed in more
detail in chapter 4.3.1 on page 87.
The design shown in Figure 3.8 was developed to the level of a prototype
and was used for testing position accuracy, as discussed in chapter 4.4. This
prototype is based on the prototype shown in Figure 3.21, but the oversized
holes that were incorrect in the previous prototype were redefined. The motor
axle and encoder shaft were aligned in parallel with the toothed gears, in order
to connect the motor and the encoder. The middle gear, shown in Figure 3.21
connects with the next joint in the robot arm, as discussed in Figures 3.7, 3.8 and
3.9 in chapter 3.1. This prototype was also printed in spars to save ABS plastic
Figure 3.20: The bottom machine part which was to form a joint when attaching a
second part. This prototype is based on the design shown in Figure 3.6.
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Figure 3.21: Assembly of the lowest joint in the first robot design
material. For such purposes, construction is less important and saving time and
money is more vital. The difference between this prototype and the prototype
shown in Figure 3.20 is discussed in chapter 3.1.3 on page 46 and addressed in
chapter 4.3.1 on page 87.
The development of a prototype manipulator in this thesis was based on
modules for configurations which are suitable for different applications and
uses. A modular system with more than one type of module an assembly is
called an n-modular [42], and in this case, the final prototype printed in this
thesis has two main modules which fit together, with a lid for attaching them
together. The prototype shown in Figure 5.1 is based on the design shown in
Figure 3.19. This prototype is further discussed in chapters 4.3.1 on page 87 and
5 on page 115.
3.2 Control system
Manipulators have management systems to operate in the field, consisting of
control programs to determine the position, operation and configuration of joints,
and to ensure that they behave as is expected in an application. Motors need
to be controlled in order to regulate velocity and to rotate by the number of
degrees necessary to move the manipulator into a required position. Sensors
measure and provide feedback on how the motor performs in terms of torque
and velocity, and the number of degrees through which the motor rotates, as
discussed in chapter 2.3.3 on page 31. The sensor and actuation system inter-
acts and communicates via a microprocessor. Examples of microprocessors are
given in chapters 2.3.1 and 2.3.2 on page 30 and 31, and they contain a program
code developed for the specific components used and the purpose of the appli-
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cation. Systems in manipulators vary in structure and level. One microproces-
sor can be set to control the entire manipulator with several sensors and motors
or servos by itself, or one microprocessor can function as a joint controller and
be set to control one specific sensor and one motor or servo in one joint. The
X2 modular evolutionary robotics platform [47] is an example of a manipula-
tor which has one microcontroller for each joint, controlling one motor and one
sensor.
The microprocessors used in manipulators are usually communicating in a
larger system. The entire system either controls several other manipulators and
conveyor belts in an assembly, or controls only one manipulator. Combinations
of such systems are possible, but unusual. In cases where the system controls
only one manipulator, the system is typically designed to communicate with
one microprocessor in each joint and to ensure that the linkages do not interfere
with other parts of the manipulator. The system also controls the kinematics
of the manipulator with regard to the joints. As an example, the well-known
PUMA 560 manipulator, discussed in 3.1.1, uses a computer as an overall sys-
tem in order to control each joint, consisting of one microprocessor to control a
position sensor and a DC motor, as discussed in the development of a reconfig-
urable mechatronic robotic plug-and-play controller project [53].
Open and closed-loop systems are part of the control system in a manipu-
lator, as discussed in chapter 2.2.4 on page 28. Regulation and control of the
feedback from each joint in the system can be implemented on a microproces-
sor for joint control or overall control of the manipulator, or at a higher strata
of the overall management system. Software developed for the management of
an assembly or a manipulator with several management functions and modes
is what we like to consider as a higher strata in a system. Motoman Robotics
have several programs which they have developed for their products (such as
maintenance software, calibration, simulation and communication software),
in order to interact with the lower hardware control system on the manipulator,
e.g. the NX100 and DX100 controller discussed in 3.1.1. Joint controllers need
a larger system to communicate and control input and output in each joint and
to keep track of the motion from one joint to another. In this thesis, an overall
management system controls microcontrollers for each joint and communicates
with a user from a computer on a position on the manipulator, which is dis-
cussed in more detail in 3.2.1.
3.2.1 Overall management system
In this thesis, a system to control and interact with the hardware was devel-
oped with the hardware discussed in chapter 3.3 on page 74. Each joint in the
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manipulator has a microcontroller which manages the specific motor and sen-
sor within the joint. The microcontrollers are controlled separately by a system
running on a computer, which counts how many degrees each motor rotates
when in motion. Furthermore, the microcontroller sends out a PWM value set
by the user to the motor in order to control the velocity of each motor. The sys-
tem on the computer sends and receives information from the microcontrollers
in order to move and control the joint mechanism and carry out operations. Ar-
duino technology, introduced in chapter 2.2.2 on page 25 and further discussed
in chapter 3.3.1 on page 74, is used for joint control and Matlab, which was in-
troduced in chapter 2.2.2, is used for overall management of the joints. The Ar-
duino circuit boards take position data and the PWM value for velocity control
as input from the overall system programmed in Matlab. Matlab takes input
from the user and sends the information about position and velocity through a
serial communication port to the Arduino.
The development of a control system was implemented in the Arduino pro-
gramming framework. The first step was to set PWM values and the direction
of rotation of a single motor using programming code in Arduino. In the next
step, several motors were tested one by one, as discussed in 4.4, and simulta-
neously by applying different PWM values, as shown in Figure 3.22, and the
direction of rotation and motor identification number by the user from the key-
board. Interacting with several motors together with their identification num-
bers was necessary in order to determine which of the motors to apply the spe-
cific parameter values to. Limited amount of motors can be controlled from the
Arduino Duemilanove board, based on the motor drivers and on the amount
of pins available on the Duemilanove. The Arduino Duemilanove model is dis-
cussed in 3.3.1. The motor driver requires five pins from the Arduino to control
the DC motor, as discussed in 3.3.3. The ground pin (GND) on each motor
driver can be split and can share the GND pin on the Arduino board, and each
PWM pin on the driver requires a dedicated PWM pin on the Arduino. This
provides an opportunity to control up to three motors with the MC33887 motor
driver, discussed in 3.3.3, with the Arduino Duemilanove model. The advan-
tages of using one Arduino to control two or three motors is that it is possible to
save costs and resources. Furthermore, a position sensor for each actuator was
to be implemented in the system. As is further discussed in chapter 3.3.4, the
encoder requires two digital pins, two pins for analogue GND and +5V from
an Arduino board. By controlling both the motor and the encoder through the
Arduino, for which is necessary to read the position from the motor, the possi-
bilities are limited to two motors and two encoders per Duemilanove board.
Two Arduino Duemilanove circuit boards were tested with four MC33887
Pololu motor drivers for a motor control system, as shown in Figure 3.22. The
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system was not tested in an assembly with prototyped parts or encoders. This
was an early test on how to control the motors by the Arduino.
By sending and switching the value of the two binary bits, the direction of
the motor could be determined. The binary values are sent to the two direction
pins on the motor driver. By setting one of the direction pins to logic high and
the other direction pin to logic low, the motor moves in one direction. Switching
the values on the two pins causes the motor to move in the opposite direction.
If both of the direction pins are set to logic low, the motor is in an idle state.
Enabling and disabling the motor is done by setting the enabling pin on the
driver to logic high or low. The velocity of the motor is determined by a PWM
integer value, sent from the Arduino to the motor driver.
Furthermore, functions were implemented and tested for reading the pulses
from the encoder. The encoder needs to be monitored by the microcontroller
constantly in order to notice any change in position of the motor. The design
and development of a safety mechanism for preventing failures regarding po-
sitioning, improving position accuracy and collision detection in industrial ma-
nipulators [16] reveal the importance of accurate positioning. The consequences
of failure on the part of the encoder when the motor is in motion may possi-
bly result in damage to the manipulator joint by injury human users or collide
with obstacles within the manipulator’s workspace. The program function that
reads pulses from the encoder regarding any change in position was to be im-
plemented as a function with high priority in the control program, and was to
Figure 3.22: Overview of the components. In (A), two Arduino Duemilanove boards,
as discussed in 3.3.1, control four Pololu MC33887 units, which power one motor each,
as discussed in 3.3.3. In (B), we can take a closer look at the breadboard which provides
the motor drivers with a voltage from a power supply. Each of the two Arduinos is
connected to two motor drivers on the breadboard.
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Figure 3.23: An illustration of the system. The Arduino board takes input from a
PC and gives output to the motor driver, which commands the motor. The encoder is
read from pin 2 and 3 on the Arduino board. When the encoder registers the requested
position, the motor driver stops the motor.
call the function constantly with few interruptions in order to be able to run
the other functions for controlling the actuation and input. The Duemilanove
board has two pins which are dedicated to interruption routines, which are in-
troduced in chapter 2.3.1. Using the interruption routines with the encoder,
the change in position was monitored continually, but this removed the possi-
bility of using two motors and two encoders per Arduino Duemilanove board
because of the two channels on the encoder, which are discussed in more de-
tail in chapter 3.3.4. The challenges due to reading the position data from the
sensor are addressed in chapter 4.4 on page 95. The current position of the op-
tical encoder was stored in the EEPROM in the Arduino board for preventing
recalibration of each joint when Arduino is reset. As shown in Figure 3.24 the
EEPROM stores the current position continuously when the motor is in motion
and reads the current position from its memory on startup of Arduino again
after power down or reset. The challenges without this function are discussed
in chapter 4.4. Open and closed-loop systems, which are introduced and briefly
68 Study and Development of Manipulators in an Academic Environment
discussed in chapter 2.2.4 on page 28, can be classified into two types of robot
system: servo or non-servo robots. A servo robot typically has a closed-loop
control and regulation system, while a non-servo robot has an open-loop sys-
tem [1]. This thesis presents a control system with a loop function which is
classified as a closed-loop regulation system for regulating position, which has
been proven, tested and further discussed together with the issues of position
accuracy, reading encoder pulses and interrupting the read-position function in
chapter 4.4.
Figure 3.24: An illustration of the system with showing the functions with parameters
that control the components connected to the Arduino.
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3.2.2 Communication
The microcontroller communicates with a PC through a serial RS232 commu-
nication port via a USB cable. The user sends characters to the microcontroller,
either directly from the serial monitor interface within the Arduino environ-
ment software or via Matlab, which reads the values as parameters to the motor
driver and moves the joint to the requested position. It is possible to send dif-
ferent types of value over the serial port, but the control program for writing
signals to be sent to the motor and reading signals from the encoder worked
properly with character values. By sending one byte, the system and the serial
port work almost without making a loss, e.g., by sending an integer of 1 over
the serial port, the ASCII value of this byte would be the integer value 49. The
microcontroller would receive the value 49 when the user sends a value of 1
over the serial port, and the system would need a recognition function in or-
der to convert the symbol 1 to the integer 1. A communication function was
implemented in order to take the character values as input from the PC and to
convert the characters into integer values which the motor driver can then read
as input parameters. The baud rate, or the frequency at which bytes or signals
are written and read through the serial port, was set to 9600, but could be set
to other values as long as the control program’s serial communication function
has the same value as the value set for the monitor screen.
3.2.3 Kinematics
To calculate the motion of a manipulator, kinematics are required as discussed
in chapter 2.2.3 on page 26. The introduction to robot technology course in the
Department of Informatics at the University of Oslo, discussed in chapter 1.1,
focuses on kinematics calculations of industrial manipulators. As an exercise
in this course the students are supposed to calculate the kinematic motions of
manipulators designed by the ROBIN research group, i.e. the X1 and X2 shown
in figure 3.12. Kinematics in this thesis is calculated for a proposed specific con-
figuration of the design shown in Figure 3.19. Other configurations, i.e. the
configurations of manipulators and other proposed robots shown in Figure 4.13
and 4.16, have a different kinematic arrangement and require other DH param-
eters for kinematics than the example given in this section.
Based on the DH convention which we explained in 2.2.3, the kinematics
for what we would like to call a pick and place manipulator is calculated in this
thesis. The manipulator is shown in Figure 3.25 with the dimensions for the
DH parameters a, d. The DH parameters, shown in table 3.1, are based on the
setup of coordinate frames for each link in the manipulator, shown in Figure
3.26. There are several ways to set the coordinate frames for each joint, but the
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Link ai αi di θi
1 0 90 ◦ d1 θ1∗
2 a2 0 d2 θ2∗
3 a3 0 d3 θ3∗
Table 3.1: The Denavit-Hartenberg parameters. (*) in this table means a variable
that is not constant
DH convention gives us a few rules we need to follow. Consider i as the number
on the specific coordinate frame.
• di = the distance between Origoi and where the axis Xi+1 intersects with
the axis Zi, measured among the axis Zi.
• ai = the distance between axis Zi and Zi+1, measured among axis Xi+1.
• α = the angle between axis Zi and Zi+1, considering the right hand coor-
dinate frame rule.
• Θ = the angle between Xi and Xi+1, measured in a plane normal to Zi.
The forward kinematic is following the DH convention and gives three ma-
trices, one for each joint.
Θ1 =


cosθ1 − sinθ1 cosα1 sinθ1 sinα1 a1 cosθ1
sinθ1 cosθ1 cosα1 − cosθ1 sinα1 a1 sinα1
0 sinα1 cosα1 d1
0 0 0 1


Θ2 =


cosθ2 − sinθ2 cosα2 sinθ2 sinα2 a2 cosθ2
sinθ2 cosθ2 cosα2 − cosθ2 sinα2 a2 sinα2
0 sinα2 cosα2 d2
0 0 0 1


Θ3 =


cosθ3 − sinθ3 cosα3 sinθ3 sinα3 a3 cosθ3
sinθ3 cosθ3 cosα3 − cosθ3 sinα3 a3 sinα3
0 sinα3 cosα3 d3
0 0 0 1


Forward kinematics for joint 1, 2 and 3 is calculated by multiplying the three
matrices: Θ1Θ2Θ3
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Figure 3.25: The pick and place robot assembly which is a proposed configuration as-
sembled with the modular parts from figure 3.19. Dimensions are set based on the
Denavit-Hartenberg parameters.
The inverse kinematics is always more complicated than the forward kine-
matics. With the inverse kinematics we have to consider multiple solutions due
to the unknown angles Θ1, Θ2 and Θ3. In the forward kinematics we knew
these angles, but not the position of the end effector on the manipulator. In the
inverse kinematics problem the end point is known. Based on the kinematic ar-
rangement in figure 3.25 we’ve considered the possible solutions by illustrating
the motion of the joints, shown in Figure 3.27. As we can see in this Figure, two
solutions are possible for joint 1 in the manipulator. The left arm configuration
and the right arm configuration. For the left arm configurations we have
θ1 = φ−α
where
φ = Atan2(xc , yc) andα = Atan2(
√
r2 − d2, d)
72 Study and Development of Manipulators in an Academic Environment
Figure 3.26: The coordinate frames is set to calculate the kinematics for this manipula-
tor. The coordinate frames are based on the manipulator shown in 3.25
And for the right arm configuration we have
θ1 = α + β
where
α = Atan2(xc , yc) and β = γ + pi
where
γ = Atan2(
√
r2 − d2, d)
For Θ2 and Θ3 we have to first consider the Θ3:
θ3 = Atan2(D,±
√
1−D2)
where
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Figure 3.27: The coordinate frames is set to calculate the kinematics for this manipula-
tor. The coordinate frames are based on the manipulator shown in 3.25
D =
r2+s2−a22−a23
2a2a3
which will be
x2c+y
2
c−d2+(zc−d1)2−a22−a23
2a2a3
Θ3 has two solutions based on the ± in front of the square root (√) in the
equation above, the left arm and right arm configuration. For Θ2 we have the
equation for the left arm configuration below with respect to Θ3. Θ2 is always
dependent on the choice we make for Θ3. the equation for the left arm configu-
ration for Θ2 with respect to Θ3 is:
θ2 = Atan2(r, s) + Atan2(a2 + a3 cosθ3, a3 sinθ3)
which will be
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Figure 3.28: The coordinate frames is set to calculate the kinematics for this manipula-
tor. The coordinate frames are based on the manipulator shown in 3.25
= Atan2(
√
x2c + y
2
c − d2, zc − d1)− Atan2(a2 + a3 cosθ3, a3 sinθ3)
For the right arm configuration of Θ2 we have
θ2 = pi + Atan2(r, s) + Atan2(a2 + a3 cosθ3, a3 sinθ3)
Since there are two solutions for Θ3 the equations for Θ2 above need to con-
sider both the positive and the negative value of Θ3 in the equations. The solu-
tion for the kinematics discussed above is implemented in Matlab, introduced
in chapter 2.2.2 on page 25. The values calculated for each joint are sent from
Matlab to the Arduino board via serial port as discussed in the previous section.
The implemented Matlab code is shown in appendix C.
3.3 Hardware
3.3.1 Microcontroller
Microchips with different technologies are widely used to control robotic ma-
nipulators. The microchips perform actuation control, sensor input and com-
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munication functions, with hosts for the manipulator’s motion. FPGAs and
ASICs, as discussed in 2.3.2, have the advantage that they provide many op-
portunities for usage in real-time processing systems with low levels of power
consumption. Other microcontrollers are less complex, but are not suited to
real-time processing and often consume more power than FPGAs and ASICs.
Based on studies of other manipulators and research projects, the use of FPGAs
and ASICs in manipulators is rarer than the use of original microcontrollers.
However, there are projects based on research on the development of FPGA-
based motion control ASICs on robotic manipulators [54] for closed-loop con-
trol of the position and velocity of the manipulator. Robot surgery based on
FPGA-technology, e.g., acceleration control for multi-DOF manipulators during
sampling periods [20], requires a more complex control system, where FPGAs
and ASICs are often more reliable.
The requirements for the development of a prototype manipulator are not
necessarily real-time processing or low power consumption solutions. With the
purpose of using the concept of rapid prototyping to develop a manipulator,
the use of simple and easy-to-use tools was preferable. Using less power and
space and being more cost-effective were of a lower priority, but will be dis-
cussed more in chapter 4.5 and 5.1 within this thesis report. Based on studies
of other manipulators and research projects, circuit boards with AVR ATmega
microcontrollers from Atmel are widely used for prototyping robotic systems.
The ROBIN research group has been provided with both AVR microcontrollers
from Atmel and Xillinx FPGA circuit boards for the purpose of researching and
testing the prototypes developed in theses. Arduino technology and the related
circuit boards are widely used in several research projects such as the network-
based multimodal human-robot interaction [18] and in the modular evolutionary
robotics platform by ROBIN. Arduino circuit boards, such as the Duemilanove,
Mini and Mega models, were available from the robotics laboratory in the De-
partment of Informatics at University of Oslo, and consist of several dedicated
Figure 3.29: Arduino circuit board, from [30]
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pins for PWM and interruption routines which make it easy to control motor
actuation and read sensor data.
The ArduinoDuemilanove circuit boardwith anATmega328microcontroller
from Atmel is a simple I/O board with 32 kb of flash memory and the spe-
cially developed programming environment for Arduino which is referred to
in 2.2.2. The Duemilanove board has two interruption routines on pins 2 and 3
which allow input from a hardware component, e.g., a sensor, to be read contin-
ually. Arduino technology offers many circuit boards in several sizes for differ-
ent purposes. The Arduino Mega board is currently the largest Arduino board
available on the market, with six interruption routines and the possibility of at-
taching further components to the pins. Furthermore, Arduino technology has
circuit boards for wireless and Bluetooth communication and an Arduino Mini
board for simple, space-saving applications. Testing and development with
the Arduino Duemilanove fulfilled our expectations with regard to its inter-
action with hardware components, and further development continued, using
one Duemilanove board to operate one motor and one encoder. Using the Ar-
duino Mega was considered, but taking into account the design and the need
to mount the circuit boards on the manipulator as discussed in 3.1.3 on page
46, the Duemilanove met both the design requirements with regard to the space
available in each designed part and basic requirements for its interaction with
components. The choice to use Arduino technology as a platform fromwhich to
control the hardware in the manipulator was based on relevant projects using
Arduino technology in earlier research, as discussed within this section.
3.3.2 Actuation
There is a great variety of actuators for robotic manipulators; we can choose
from among hydraulic and pneumatic actuators and servo and electrical mo-
tors, depending on the links in the manipulator. A robotic manipulator often
has the same rotational motions as a typical excavator for digging dirt, which
are generated by a mechanical link driven by hydraulic actuators. Based on
research, robotic arms have electric motors more often than hydraulic or pneu-
matic actuators. However, there are some industrial robots with hydraulic or
pneumatically-driven actuators, e.g., McGill University’s parallel manipulator,
with three DOF motions produced by four hydraulic actuators [55]. Hydraulic
and pneumatic actuators are used more in other robotic platforms, such as the
walking biped robot controller, developed by the ROBIN research group [50],
which has two legs which are driven by pneumatic actuators, and the well-
known Stewart platform [13].
As discussed in section 3.1.3, the manipulator consists of R-joints which are
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powered by electrical motors, and not pneumatic or hydraulic actuation. The
actuators used in R-joints in manipulators today include servomotors and DC
or AC motors as introduced in 2.4.1 and 2.4.3. According to several prototypes
in other research projects, either light and small servomotors or DC motors in
different sizes are usually used. Statistical studies and analyses of the amount
of AC motors versus DC motors used in general in the industrial manipulator
industry could unfortunately not be found at the time of this thesis. Stepper
motors are not suitable for manipulator operations, because of the number of
degrees through which each step rotates. With a stepper motor on, for instance,
0.7 ◦ per step, a problem would occur if a R-joint in an industrial manipulator
received the instruction to rotate through exactly 6 ◦ for a welding task. The
nearest 6 ◦ which the stepper motor could reach in this case would be 0.7 ◦ *
8 = 5.6 ◦. This is not good enough for industrial operations or for interactions
with human beings [16] due to minor safety when the joints in a manipulator
is inaccurate. However, stepper motors are used in replicating rapid-prototyper
(RepRap) projects, such as the famous open source research and development
projects Darwin and Mendel RepRaps [52], and are also used in smaller, com-
mercial, portable 3D printers with fairly high levels of accuracy [56]. 3D printers
in general must be accurate in order to produce prototypes which can be fitted
into assemblies with other prototyped parts.
The DC motors used within this thesis were chosen from the robotics lab-
oratory at the Institute for Informatics at the University of Oslo, and some of
the motors were ordered as they were not in the regular inventory at the labo-
ratory. Position accuracy was tested using these motors for two main reasons;
determining the accuracy of the position with regard to speed, and determin-
ing how the motors react to speed versus torque. The test results are shown and
discussed in chapter 4.4.2.
The DC motors used were 6V, 12V and 24V, with different gearings, torque
and scales. The 6V motor, shown in Figure 3.30, was geared in the dimension
100:1 and ordered in addition to the regular inventory at the robotics laboratory.
This motor performed at a minimum of 35 PWM with the Arduino. The motor
is fairly strong in terms of torque and the gearing makes it fairly quick in terms
of speed.
One of two 12Vmotors, shown in Figure 3.31, had dimensions of 150:1. This
motor has a shaft that is easy to mount with other assembly parts. It is fairly
fast in terms of speed, but is very weak in terms of torque. This motor was part
of the robotics laboratory inventory, and was ordered for different prototyping
purposes. There are several types of motor like this one, with different gearings
but the same design.
The other 12V motor is greater in size and has a gear dimension of 18:1, as
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Figure 3.30:
DC motor 6V 100:1,
from [37]
Figure 3.31:
DC motor 12V 150:1,
from [57]
Figure 3.32:
DC motor 24V 125:1/18:1,
from [57]
shown in Figure 3.32 The 24V has a gear ratio of 125:1 and looks exactly like
the 12V DC motor in Figure 3.32, except with a longer gear house. Both the
motors are from the company Micromotors and are of a high quality, but are
also more expensive, take up more physical space in an assembly and are quite
heavy considering the difference in weight to the other motors used in these
tests of position accuracy.
The motors needed extra power from a circuit which was constructed for
this purpose. The Arduino circuit board cannot drive such motors by itself, and
so an external regulating power supply from 0 to 30V was applied in order to
provide the motors with a voltage and a circuit to control the motors, which is
discussed in more detail in the next section.
3.3.3 Driver
Motor drivers are necessary in order to provide power from power supplies to
general electric motors. Typically, motor drivers are connected directly between
the motor and the power supply. They receive a current as input from the sup-
ply and provide an output current to the motor. The current and direction of the
motor is sent and received from other inputs and outputs on the motor driver
to a controller chip.
A computer or a circuit board, such as the Arduino Duemilanove, as dis-
cussed in 3.3.1, does not have enough output current to power a DC motor by
itself, and needs a motor driver between the Arduino, the DC motor and the
power supply, as mentioned in 3.3.2.
The ROBIN research group has suitable motor drivers for prototyping pur-
poses, and has conducted some projects which have demonstrated and used
some of these drivers. For prototyping, a general-purpose motor driver for DC
motors was the best alternative. The Pololu MC33887 MD05A motor driver is
designed for DC motors, has an operating voltage of between 5 and 28V, draws
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Figure 3.33: DC motor driver, from [37]
up to 5 ampere and has a maximum PWM frequency of 10KHz. The motor
driver is suitable for general-purpose DC motors and works with many differ-
ent types of DC motor between 5 and 28V. Pololu motor drivers include several
motor drivers which are similar to the MC33887, but which have dual control
for use in, for example, electrically-driven remote control car actuation systems
etc. Pololu motor drivers are often used with DC motors in research and devel-
opment projects in the field of robotics, e.g., in the tailgator autonomous trash
collecting robot [15].
The Pololu MC33887 motor driver carrier comes with separated pins to be
manually soldered onto the driver’s circuit board. Carefully, due to the danger
of overheating the motor driver, the eight-pin male header and the two two-
pin terminal blocks were soldered onto the driver with the maximum distance
between the male header, the terminal blocks and the driver circuit board. The
result should prevent internal ohmic resistance. Furthermore, this motor driver
has eight pins that can be connected to a microprocessor in order to read input
and send output to and from the driver. As discussed in chapter 3.2.1 on page
64, the motor driver has two pins to control the direction of the motor, named
IN1 and IN2 on the driver circuit board. The special PWM pin, which is named
D2 (PWM), needs to be directly connected to one of six pins on the Arduino
which provide PWM output. The fault status (FS) pin is the MC33887 fault
status output, which is an active low open drain structure requiring a pull-up
resistor to 5V.
3.3.4 Position sensor
A position sensor, which is introduced in 2.3.3, is required to count the me-
chanical degrees when motors rotate in links and joints in a manipulator. The
research on what types of position sensor are used in other manipulators was
limited to other research projects which are based on the development and opti-
misation of manipulators and projects from the ROBIN research group. Indus-
trial manipulators, in general, are usually provided with powerful servomotors
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which have a position sensor included with the motor, e.g., the ABB-CEM IRB6,
IRB60, IRB90 and many more industrial robots from ABB [58]. Position sensors
in industrial manipulators require high levels of accuracy in order to perform
accurate operations in assemblies with other machines and hardware and in or-
der to be safe in their interactions with humans [16]. Several position sensors
currently on the market was considered. Two examples of sensors that were
looked into are the rotary encoder from mouser electronics [37], which has a
step angle of 30 ◦ ± 3 ◦., and the photologic slotted optical switch (OPB615) from
Optek Technology [59], which has two infrared light emitting diodes (LEDs) as
photo sensors, which reacts when material passes between.
The OPB615 requires material to pass between the two infrared LEDs, and
registers a value of 0 if no material is registered and 1 if a material is registered
between the LEDs. Constructing a material with an accurate enough pattern to
be accurate to at least onemechanical degreewould require precise engineering.
The alternative is to have sensors with a built-in disc with accurate patterns in
the photologic sensor. The rotary encoder from Mouser electronics registers
step angles, which are unfortunately not accurate enough.
Accurate readings of the position of links in a manipulator require readings
which are accurate to at least one mechanical degree, e.g., if a joint should rotate
exactly 181 ◦ for a specific operation. Industrial operations such as welding,
painting or pick-and-place operations require accuracy to one degree to perform
their tasks perfectly. For each of the sensors given as examples above, their
accuracy in terms of reading the position of a motor would not be enough to
safely position the joints in a manipulator.
Two different optical encoders were available in the ROBIN research group
for prototyping purposes. Optical encoders are position sensors which are suit-
able for mounting on motor shafts and which can count and read the mechani-
cal degrees when the motor rotates. Both encoders were sourced from the same
production company, but had different resolutions or levels of accuracy. Af-
ter researching the reasonable positioning sensors which were available on the
market for prototyping purposes, the optical encoders at ROBINs laboratory
were tested for use. Ordering different types of positioning sensor from differ-
ent suppliers for testing was not necessary, as the optical encoders were accurate
and already in stock at the laboratory.
The optical encoders available at the laboratory are the S4 miniature optical
shaft encoder and the S6 optical shaft encoder from US Digital. They are incre-
mental rotary encoders with a shaft that can be set directly in an assembly with
a motor shaft. The S4 miniature model has four pin-outs; pin no. 1, which is
for +5VDC; pin no. 2, which is the A channel; pin no. 3, which is the ground
and pin no. 4, which is the B channel. This encoder has two channels for deter-
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mining the direction of movement and the cycles when the shaft on the encoder
rotates. The B channel leads the A channel in a clockwise shaft rotation and the
A channel leads the B channel in an anticlockwise shaft rotation. The shaft on
the encoder comes with an 1/8" or 1/4" (metric 6mm) diameter, with or without
a ball bearing. It can be ordered with a minimum of 100 and a maximum of 360
cycles per revolution (CPR), and with a minimum of 400 and a maximum of
1440 pulses per revolution (PPR), which are the amount of CPR and PPR for an
entire rotation of 360 mechanical degrees. A cycle has occurred when all pos-
sible combinations of the two channels A and B are completed. There are four
different cases: 00, 01, 10 and 11. The relationship between CPR and PPR is as
follows: CPR multiplied by the four different cases for the correct amount of
PPR, e.g., 100 CPR * 4 = 400 PPR and 360 CPR * 4 = 1440 PPR.
The S6 model is slightly bigger in size than the S4 model and has a slightly
different set of pin-outs. Pin no. 1 is the ground, pin no. 2 is the index, pin
no. 3 is the A channel, pin no. 4 is +5VDC and pin no. 5 is the B channel. The
index pin can be considered as a third channel, which is normally a pulse sent
from the encoder once per revolution. The output pulse signals determine the
home position on the encoder and provide an absolute position. The resolution
is from 64 CPR to 2500 CPR, and the shaft comes in a diameter of 6 mm or 1/4".
The S4 miniature encoder in the laboratory is provided with 360 CPR and
a 1/8" shaft with a ball bearing. The S6 model is provided with the maximum
resolution of 2500 and the 6 mm diameter shaft. The S4 encoder was the best al-
ternative for testing because of its size and resolution. The S6 is a more complex
encoder which provides an absolute position and a higher resolution, but is also
greater in size than the S4. Both optical encoders are suitable for the develop-
ment of industrial manipulator prototypes, but the S4 model is more applicable
because of the resolution of 360 CPR on 360 ◦ and the size of the encoder. A
disadvantage of the S4 is that it does not provide an absolute position, but only
measures the change in position when power is applied. In order to attain an
absolute position using the S4, the encoder would need a battery to provide a
Figure 3.34: The S6 optical encoder
which is available for use in ROBINs
laboratory. from [60]
Figure 3.35: The S4 optical encoder
which is available for use in ROBINs
laboratory. from [60]
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backup power supply so that it would not shut down and reset the cycle count.
3.4 Software
In this thesis, several software programs have been used for the development
of a manipulator. Some of the software used within this thesis was properly
introduced in chapter 2.2.2, and needs no further introduction. In order to man-
age and control hardware, the free and open source Arduino environment was
used. The Arduino circuit board comes with an ATmega microcontroller, as
discussed in chapter 3.3.1, and uses a simplified C language to program the
controller, as discussed in chapter 2.2.2. We found that it was fairly easy to
program the microcontroller with the Arduino technology, and used basic pro-
gramming methods for hardware and binary operations. However, learning
how to interact with the simplified C programming language takes time and a
knowledge of the kinds of hardware used. Furthermore, the Arduino environ-
ment has an online forum, where people can learn, explore and share develop-
ments in the Arduino programming environment and projects using Arduino
technology. When we began developing the manipulator in this thesis, the Ar-
duino forum was used frequently for questions, help and sharing knowledge
on programming and controlling DC motors and encoders with great success.
We primarily used the Arduino software version number 0017, which was de-
veloped in Java [30]. The last Arduino software version number 0022 was used
following a software upgrade. In these versions of the Arduino software, dif-
ferent examples and libraries are included to further learning and simplify pro-
gramming. Some of the examples indicate how to interact and control stepper
motors, potentiometers and LEDs, which was useful when developing a con-
trol and management program for the motors and encoders in the manipulator.
Testing values and feedback from the motor and encoder were incorporated fre-
quently using the integrated serial monitor in the Arduino software program.
Communication with the Arduino circuit board is discussed in more detail in
chapter 3.2.2.
Matlab, which was introduced in chapter 2.2.2 on page 25, was used to com-
municate with the Arduino board and microcontroller from the PC. Matlab was
used within this thesis to analyse test results and set up graphs (which is dis-
cussed further in chapter 4.4 on page 95), to calculate kinematics and to send
and receive information to and from the Arduino.
The CAD and 3D design software used to design and sketch parts of the
manipulator was SolidWorks (SW) and 3D Studio Max, introduced in chapter
2.2.2. Former experience with 3D Studio Max allowed us to make presentable
designs out of initial sketches. 3D Studio Max is a 3D modelling software tool
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which is most suitable for game design and interactive design. The CAD soft-
ware SW was sufficient for designing further parts with precise dimensions,
mating components in an assembly, interference detection, plug-ins for differ-
ent functions, the measuring tool and finite element method (FEM) and fatigue
analysis functions. FEM and fatigue analysis for strength calculations were not
used comprehensively, as in the design process, we had to focus on and con-
sider assessments other than sustainable construction and payload. Issues due
to weaknesses in the ABS plastic material, construction and payload are dis-
cussed as challenges in the design in chapters 3.1.3 on page 46 and 4.2 on page
87.
Catalyst is a 3D printer software which has been introduced in chapter 2.1.6
on page 24 and was used for aligning and setting up 3Dmodels in order to print
prototypes during this thesis. Catalyst aligns the STL file of a part designed in
SW in the coordinate frame in the software and allows the user to decide which
side of the part will be aligned with the printing plate. The Catalyst software
provides indicator values regarding the amount of ABS material remaining and
the support material left in the material packages in the 3D printer. Tactical
assessments of printing were necessary when less material remained in the 3D
printer than what was required for the entire 3D model. Using the Stratasys
Dimension SST 768 3D printer, the printing process can take several hours de-
pending on the complexity of the 3D model size, the mass index and support
material. Catalyst and the 3D printer were used, bearing in mind time- and
cost-efficiency when printing out the prototypes of designed parts, as shown
and discussed in chapter 3.1.6 on page 62. The designed parts were aligned in
such away that that as many parts as possible fitted into the coordinate frame in
Catalyst, but at the same time in a way which saved support material. Further
challenges with the alignment of STL files in Catalyst are addressed in chapter
4.3 on page 87.
3.5 Closing remarks
During the development phase of this work, designs, control systems and hard-
ware components were selected and tested. The fundamental aspects of de-
veloping a manipulator are discussed in chapter 2, and several methods were
proposed, tested and used during the development process. The 3D CADmod-
els were designed based on sketches made out of paper in order to create ap-
propriate, innovative and smart concepts for mechanical parts to be assembled
into a manipulator. As a result of the different design concepts, we focused on
the most interesting and best 3D models, which we decided to prototype into
physical models for testing during the workflow. The prototyped mechanical
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parts were assembled with hardware components and controlled by a control
program implemented on the ATmega microcontroller on the Arduino Duemi-
lanove board. Hardware components were selected and tested in the different
assemblies. Serial communication was established and optimised between the
Arduino board and the computer. Matlab was considered and decided upon
for sending an input unit towards the Arduino board, due to the opportunity to
create calculation methods on the joints in the software. We present and high-
light the possibility of using kinematics with themodular designwhichwe have
suggested as a solution, and we have provided an example with forward and
inverse kinematics calculated for a proposed configuration of the manipulator.
Position control was implemented in the control system and tested on one joint
in order to monitor the analysis of position accuracy. Our results and the chal-
lenges faced in the development process are addressed in chapter 4.2 on page
87.
Chapter 4
Process and challenges in
development of manipulators
4.1 Process cycle
In the previous chapters, a theoretical introduction to technology, chapter 2,
and the development phase of the manipulator, chapter 3, have been addressed.
Within this chapter, the development process will be discussed, with a detailed
summary of the challenges faced during the process. This development pro-
cess is based on iterations, in which concepts, designs, studies, hardware and
software designs, control systems and testing continued throughout the thesis.
Where the concepts led to designs, further development of the hardware and
controls which led to testing was needed. When challenges occurred, configu-
rations in the specific area or new concepts were developed and tested. An il-
lustration of the iterations is shown in Figure 4.1, in which the process involves
continuous development in each area.
There were challenges in all of the stages of development. The amount of
time spent on the challenges in the different phases was considered to be im-
portant, as it shows the difficulties and the most critical areas within the devel-
opment process. Addressing the most critical areas of the development process
in an academical environment will hopefully help educators and students to un-
derstand how to combine the manipulator as a tool in research and education.
An estimated illustration of the time spent on each phase of the development
with regard to the challenges faced is shown in Figure 4.2.
Testing was a major section that was time consuming but necessary in this
work. The test results were based on position accuracy and are shown in chap-
ter 4.4.1 and 4.4.2 on page 100 and 102, but several design tests were carried
out during this thesis. Due to difficulties with measuring designs through data
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Figure 4.1: An illustration of the phases and iterations. The development pro-
cess goes back and forth in different phases
Figure 4.2: Estimated time spent on the different phases during this thesis.
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gathering and displaying the results in graphs, we can consider the designs af-
fecting the position accuracy measurements, which are discussed in more depth
in related chapters, or in the discussion of advantages and disadvantages of the
designs in the figures shown in chapter 3.1 and 3.1.6 on page 39 and 62.
4.2 Challenges
During the development of the manipulator which was designed in this thesis,
certain challengeswere experienced. Themajor challenges were faced primarily
in the design and programming processes, as shown in Figure 4.2, which illus-
trates the most time-consuming phases. The sections 4.3, 4.4 and 4.5 address
the challenges and issues of the development process and discuss the relevant
solutions, assumptions and studies.
4.3 Design
As discussed and shown in chapter 3.1 on page 39, several designs were de-
veloped in order to find a suitable structure for a manipulator. Many of these
designs had several issues with their structures, and challenges had to be over-
come in this process. The challenges faced in the design stage were more com-
prehensive in the early phases than towards the end of the development pro-
cess. When the last prototype in this work was nearly finished, smaller adjust-
ments due to minor issues were necessary, in contrast to the major changes that
had to be made to the design of the early CAD models and prototypes, as we
can see in chapters 3.1 and 3.1.6.
4.3.1 Complications and challenges in the design process
The major challenge which was experienced during this phase was creating a
design featuring themotor and the sensor as separate components. Usually, ma-
nipulators are provided with expensive servos that include encoders as position
sensors on the actuation axle. The designs in this thesis have not been made to
meet manufacturing companies’ expectations with regard to their mechanical
structure and layout (for instance, in the use of ball bearings and gears in the ac-
tuation system), but to explore and investigate the possibility of developing an
easy to use and easy to make design and prototype of a manipulator. The motor
and sensor components were designed as real-world models in SolidWorks in
assembly for the purposes of illustration in order to check whether the design
was ready for prototyping. Many sketches, drawings, CADs and prototypes
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are discussed in 3.1.2, 3.1.3 and 3.1.6. The aim was to experience and develop
designs that also possibly can be used for educational purposes with a separate
motor and encoder for each joint. Using a proper servo motor instead of sepa-
rate motor and sensor would have allowed us to develop designs that consist of
one rotational shaft on only one side of a joint, like the IA20 multi-application
robot, discussed in chapter 3.1.1 and unlike some of the designs shown in Fig-
ures 3.18 and 3.19. A great disadvantage of using the motor and the sensor as
separate components in designs like the ones in these figures is the opportunity
to have a full rotation of 360 ◦ or more in a joint. The sensor component in these
designs is considered to be an obstacle which prevents the joints from being as
flexible as they would be with a proper servo motor with a built-in position sen-
sor. The machine part for mounting the position sensor is attached to another
machine part which contains the motor, with the axle positioned horizontally
or vertically in its connection to the joint. Having a machine part for mounting
the position sensor takes up space in the manipulator assembly, and machine
parts further up in the systemwill always be placedwith respect to the part con-
taining the sensor. In order to assemble a prototyped joint, the need to mount
and attach the parts together has to be taken into account. When mounting the
rotational part on the motor axle with the sensor shaft directly aligned in the
same axis, the part containing the motor and sensor cannot be one structure if
the next joint is to be perpendicular and in line with the previous joint axis. We
have the ability to contain the sensor and the motor in one structure if we at-
tach the sensor after mounting the rotational part on the motor axle, but we will
then be forced to offset the next joint significantly with regard to the previous
joint. This will probably require stronger materials to make the machine parts
and more calculations regarding the torque and inertia of the previous joints.
However, the development of the designs shown in Figure 3.6, in Figure
3.8 and in Figure 3.9 avoided this issue completely, and these designs have the
same flexibility as, for instance, the Motoman IA20multi-application robot arm.
When using these designs, questions arise regarding the possibility of designing
only one module, instead of the two main modules shown in Figure 3.19, with
many configurations. If we had been provided with other actuation systems
with built-in position sensors, the design process would probably not have been
as challenging, and we could have focused more on, for instance, innovative
modules for operation and use in specific and demanding environments.
From the beginning of this thesis, the layout of the wires and cables from the
hardware components was considered. As discussed in chapter 3.1.3 on page
46, loose cables in manipulator joints was a possible issue. Severed and twisted
wires are a very real possibility if the cables from each component exist outside
of the machine parts, and move freely when the joints are in motion. A great
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Figure 4.3: This figure shows how the lids and fastener parts are assembled with the
motor and the sensor. (D) shows the lid for holding the motor in place, which is attached
to module (A). (E) shows the part for mounting on the motor axle, which is attached
to the other machine part in the joint which will rotate when this part and the motor
axle rotate. (G) shows the fastening part for the encoder axle which is also connected
to the rotational module (B) in the same way as (E). (F) shows the lid for holding the
encoder in place, which is attached to module (B).(C) is the lid for connecting Arduino
and motor driver board as well as connecting the (A) and (B) modules together. (J) is
the Arduino board and (K) is the motor driver circuit board. (H) is the motor and (I) is
the encoder
deal of time during the design phase of this thesis was spent on designing the
parts and joints in order to avoid this. Prototypes with gears were developed
so that the layout of cables would be inside the hub in a central gear. The pro-
totype with gears is discussed in chapter 3.1.3 and further addressed in chapter
4.3.2. One of the earliest 3D designs, shown in Figure 3.6, had a layout that
allowed the wires to go through and inside the machine part without showing
on the outside, creating an obstacle for the joints when in motion. A solution
to the issues associated with loose cables was proposed and developed and is
discussed in chapter 4.6 and shown in Figure 3.19 and in Figure 5.1.
The design of the joints where the machine parts are connected through the
motor axle was challenging due to the need for a proper and safe fixing with re-
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gard to the torque from the motor and in the next machine part. The assembled
parts are shown in Figure 4.3. The place where the surfaces of each of the parts
that form the joint met was considered to be a critical point depending on the
distance, touch and impact between the parts. If the parts were touching each
other when the joint was in motion, the material on the machine part could be
weakened over a short period of time, taking into account the ABSmaterial that
was available for prototyping. Designing the machine part to connect with the
motor axle was a challenging process. Several issues were encountered with
regard to the alignment, thickness, structure and assembly of the lid which was
attached to the motor, the machine part for connection to the motor axle, the
models of the motor and sensor components and the main module parts.
Creating a design with screws and screw holes for attaching the motor to the
lid, as shown in D in Figure 4.3, and the fastening part shown in E proved to be
challenging. The standard screws, discussed in 4.3.2, had screw heads that were
estimated to cover 3 mm of the surface of the lid, as shown in D, meaning that
there was a risk that the screw heads would collide with either the screw heads
in E or the part E itself, which was designed to be in motion when the motor
rotates. The same issue occurred with part F and G. Furthermore, there were is-
sues regarding whether part Ewould be strong enough to hold the torque from
the motor under the weight of several machine parts or not. The part shown
in Figure 3.15, A was originally intended to be prototyped, and it was believed
that it would hold the torque from the motor as well as bearing the weight of
the parts which were further up in the links. Due to specific parameters, which
are discussed in chapter 4.5 on page 106, this machine part was put aside before
prototyping.
4.3.2 Prototyping
Many of the designs discussed in chapters 3.1.3, 3.1.6 and 4.3.1 were prototyped.
There were major challenges and issues in this process, both in the printing
phase and in assembling the machine parts after production. This section ad-
dresses the issues and challenges which were related to printing and assem-
bling the parts. Some of these issues were related to the software applications
used, e.g., Catalyst, which was introduced in chapter 2.1.6 on page 24 and dis-
cussed in chapter 3.4 on page 82, and some of the challenges were related to the
prototyped parts after the printing process. Throughout the entire process of
designing and prototyping, the dimensioning of parts, mounting and finding
holes for components and screws proved to be a challenge.
As shown in many of the figures in chapter 3, e.g., Figure 3.8 and 3.9, de-
signing and printing smaller pieces to assemble into a bigger machine part in
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a joint was more cost-effective, considering that offsets on a part would not be
editable. With offsets on one of the smaller pieces of a bigger assembly, parts
could easily be redesigned and printed. A part that had a small miscalculation
in its structure was usually considered to be useless. In order to save time and
money, several smaller parts were designed for an assembly after a miscalcula-
tion in the design shown in Figure 3.8. The SparkFun motor, shown in Figure
3.30, that was considered for use in this prototype did not fit into the machine
part and was not assembled due to the miscalculation. Luckily, the gears fitted
as was intended, and so the design with gears in Figure 3.8 is based on the same
parameters and dimensions that are in the former design. The miscalculation of
the prototype shown in Figure 3.20 was offset by approximately 0.4mm in the
design model. As discussed in chapter 4.5 on page 106, by printing the parts in
spars instead of as solid forms, less ABS material and time were used. Through
producing spars, the ABS material used per part was minimised and this was
more cost-effective. However, the parts printed in spars were fragile compared
to the solid parts, and so working with spars models required more care. With
spars models, brushing and finishing the parts after production by hand with
sandpaper was nearly impossible. Penetrating the thin ABS plastic layer on the
outside caused damage and made the parts unusable.
Mounting parts that were 3D-printed in spars with the standard steel screws
was difficult due to the span of the thin ABS material. This meant that the
screws did not attach easily to the parts, and the process of assembling the pro-
totyped parts together in spars was more time-consuming than with the solid
models. Threads in the screw holes did not need to be designed, due to the
ability of ABS material to be easily removed when screws are being forced into
holes that are a bit smaller than the screws themselves. With the use of toler-
ances, the screw holes were estimated and designed with diameters that were
0.25 mm smaller than the screw bolts, so that the screws would fit properly
inside the holes. This tolerance was based on results produced by other experi-
enced scientists at ROBIN regarding the best tolerance for ABS material.
All of the sharp edges on the machine parts were smoothed down in Solid-
Works using the fillet and chamfer features before printing in order to prevent
the layers of ABS material from detaching from the prototypes during assem-
bling and testing. These features smooth the edges of a design by a given value
provided by the designer. Plastic layers on the prototype were melted in the
printing process, as discussed in chapter 2.1.5 on page 21, but according to the
ROBIN research group, these layers are weaker at the edges of a printed model.
The reason for this is that the layer of ABS material can be very thin; up to
0.1 mm using the 3D printer which was used for production within this thesis.
Another reason for smoothing the edges is that the model could possibly be
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dangerous when assembled with other models by a user.
The alignment of parts which were scheduled for printing in Catalyst had
several parameters that needed to be taken into account before production.
Placing the parts properly in the software grid in Catalyst was crucial with
regard to the time, cost and quality of the product after printing. Parts, such
as those with a great flat surface on one side, were placed at the bottom if the
surface area was below the maximal size that the printer could accept for pro-
duction. The 3D printer requires a solid surface to melt and to lay the ABS
material on. This requires the models to be placed in the software grid so that
either support material can be produced before the material is applied to form
the structure, or that a flat surface already exists and the material can be ap-
plied directly to the surface. Module B, shown in Figure A.2, was best printed
with the cylinder at the bottom so as to save support material in production as
well as saving time in the printing process. Other parts that were considered
to be more difficult to align properly in the software grid in Catalyst included
module A, shown in Figure A.1, which has the same size cylinder as module B
but also has some free space from the bottom of the cylinder up to where the
part begins to shape the connection area to module B. Support material would
be layered in this free space in order to support the structure and to ensure that
printer did not produce ABS material without a surface to apply it to, which is
not possible for 3D printers. In some cases, the models did not have any other
choice than to be placed in one specific way in order to ensure that the proto-
type was produced properly. The machine part for connecting the motor axle
and the rotational part, thus forming a joint, shown in Figure A.5, needed to be
placed with the flat surface of the model on the bottom of the software grid. A
prototype of this part was first printed with the flat surface vertically, to save
time and money in the printing process, but one of the three screw holes broke
when the support material was removed by hand. The part was fixed with
aralditt glue, but was not considered to be appropriate for use in subsequent
prototypes, due to the small and critical area for mounting the screw that also
is demanding 13 of the force which is applied by the motor when it is in motion.
Holes in parts which were intended for screws or components were often
filled with support material if the model did not align with the holes vertically.
Smaller holes, especially those which were intended for screws, were difficult
to remove after production due to the smaller areas inside the holes which had
been filled up with support material. The structure of the support material was
less porous in these smaller areas and required tools that had to be used care-
fully but with force for their removal. The challenge in this process of removing
the support material from the prototyped models was not to destroy the ABS
material in the model itself. Some of the areas of some of the parts of the lat-
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Figure 4.4: The Figure 4.3 when first came out from the 3D printer. The white material
is the ABS material and the dark brown material is the support material.
est prototype shown in Figure 5.1 were broken, but were repaired with aralditt
glue due to the difficulty of removing the support material by hand using sharp
tools, e.g., smaller knifes. However, the support material used in the printing
process could be loosened up and removed from the prototyped model with a
solution of caustic soda (lye). Using this technique for removing the support
material in the models gave better results in some cases than doing so by hand.
The caustic soda solution was left to work on the printed prototype over a pe-
riod of up to 24 hours, and was used with caution and protective equipment
due to HSE policy at the University of Oslo and in the Department of Informat-
ics. If the printed model was left in the caustic soda solution for longer than the
recommended period, the ABS material was affected and loosened up as well
as the support material. Some of the smaller rotor parts in the test bench used
in the tests of position accuracy (discussed in chapter 4.4) were affected by the
caustic soda solution and were then unfit for their purpose. Wearing protective
equipment was also mandatory when removing the support material from the
printed models by hand. Protective glasses and gloves prevented the extremely
sharp-edged splints that exploded from the porous support material when re-
moved from the model by hand from cutting the user’s skin or getting in the
eyes of the person carrying out the task.
As discussed in the previous section, the part shown as E in Figure 4.3 was
thought of as a critical part with regard to the possible wiggling that could occur
and could affect the position accuracy if not fitted properly to the motor axle
when in motion. Several suggestions for design solutions for mounting the
motor axle on the movable parts were considered. The area where the motor
axle is inserted into the part needs a sustainable structure in order to withstand
the force from the motor against the material. Two prototype
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Figure 4.5: This figure shows a gear that was printed using the 3D printer
and were printed using the 3D printer. The first prototype that was inserted
onto the motor axle had a significant amount of space between the hole and the
axle, and this caused wiggling immediately due to the misfit in the connection.
Due to the difficulties with measuring and calculating the perfect size of the
hole required for the motor axle, the next prototype was designed with a conical
hole which was dimensioned below the motor axle diameter. The idea behind
this precaution was to press the prototyped machine part down on the axle
with force and to let it remove all of the excessive ABS material in the hole,
so that it would fit perfectly. The disadvantage of such a procedure is that the
machine part cannot be disassembled too many times, as this will cause the axle
to remove more material from the hole. The second prototyped machine part
was used in the prototype shown in Figure 5.1, and was not removed from the
assembly once. During tests of this prototype, the motor axle removed some
more of the material from the hole in the machine part, but no tremendous
misfits were experienced.
Configured gears, designed in SW and based on the gears that were ordered
from the manufacturer, were printed and tested with the prototypes shown in
Figures 3.20 and 3.21. The gears that were ordered from the manufacturer re-
quired the hub to be drilled to fit with a mounting screw on the motor axle
and the encoder shaft. By designing the specific size and shape of the hubs on
the gears, drilling the hubs was not necessary. Testing the gears in assembly
worked as expected, but as we can see in Figure 4.5, the 3D printer had diffi-
culty in adding ABS material to the inside of each tooth on the gears. This was
considered to be harmless, due to the lightweight nature of the ABS prototypes,
but the gears are weaker than they should be because of a lack of ABS material
inside some of the teeth.
During the design process of parts for the robotic arm and test modules,
some complications arose in reading the STL files from SolidWorks in Cata-
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lyst before printing out the prototype. This issue was very time-consuming, as
the software did not provide a logical error message. Catalyst did not show
some of the STL files at all, or only showed smaller parts of the entire STL file.
Several weeks of debugging and redesigning the parts were required before
we detected a failure on the memory stick. The memory device was used to
transport files from a computer to the computer which was set up with the 3D
printer. The defective flash memory stick was replaced with a newer type of
flash storage device in order to prevent further failures in reading and opening
STL files in Catalyst. All of the failures relating to reading and opening the de-
signed models and STL files were reported to the support team for SolidWorks
Norway, Pronor AS.
4.4 Position control
The challenges and complications regarding position control and position ac-
curacy were related to the motors, sensors and microcontrollers used in pro-
totyping and testing, as well as the designed structures that these components
are assembled with. The hardware components are discussed in chapters 3.2
and 3.3.2 on page 63 and 76. The position control algorithm was affected by the
torque and gear ratio in the motors, the communication between the PC and
microcontroller, the sensor data from the encoder and the designed structures
that had the components mounted in two different systems for rotating a joint.
The designed structures, discussed in 4.3.1, had no designed track or notch
for showing the exact alignment for 0 position or the standard start position.
When using the manipulator for the first time after production, or when the
power and the batteries in the robot are shut down, the joints must be cali-
brated in order to determine a default starting position. The alignment of a
starting position has to be considered with regard to the minimum and maxi-
mum number of degrees of rotation in each direction. In this work, without a
designed prototype with a patterned track on each of the machine parts to mea-
sure against a similar pattern on the other machine parts, the challenge is that
the starting position will never be perfectly calibrated. Like other manipulators,
e.g., the Motoman IA20, discussed in chapter 3.1.1, the alignment and calibra-
tion of joints is done using a tool or a key that fits inside a patterned track on
the machine parts. The actuation systems rotate the joint slowly until the tool
fits into the track. When the tool is perfectly aligned in the track, the joint is in
the default position. This method is usually used when the batteries that sup-
ply power to the encoders, which store data regarding the current position, are
powered down. The latest prototype shown in Figure 5.1 is missing this fea-
ture, but a redesigned version of this prototype is shown in 4.6 with a proposed
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Figure 4.6: This figure shows the latest design, with a patterned track on each of the
machine parts for enabling the calibration and alignment of joints with a tool
solution for the calibration of joints.
The sensor used for prototyping and testing within this thesis is an encoder,
as discussed in chapter 3.3.4 on page 79. Issues and complications regarding
the position sensor were related to reading the data from the Arduino micro-
controller properly, sending the correct value for the requested position given
over a serial communication port from a computer, taking into account the char-
acter and byte values versus regular integers, and the position value from the
sensor with regard to the absolute position.
Writing a function that had to be reliable enough to read the encoder data
without too many losses was challenging considering the other requested func-
tionalities of the system, which had to run frequently during the loop in the
control system. When the encoder shaft was in motion, driven by the motor
axle, the function for reading the encoder data was required to be running con-
tinuously in order to gather all of the position data, so that the microcontroller
could stop the rotation by the motor when a specified position was reached.
The other functions were prioritised with regard to the function for reading
the position data from the sensor. The loop in the microcontroller runs every
microsecond, and processes each of the functions placed in the loop once every
run-through. This is further illustrated in Appendix C. The function for reading
the encoder was not required to run when the motor had stopped. Taking into
account some of the other functions, such as reading the value of the requested
position from the computer, the function for starting and stopping the motor
and the function for determining the error between the requested position and
the actual position from the encoder while the motor was in motion, the read
encoder function could not be running continuously in the loop as a separate
function, like the other function. The issue was that it either the problem had to
be accepted and measured and the system built around the problem and other
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functions and key values adapted to this issue, or it had to be resolved in an-
other way. Researchers from several other research and development projects,
as well as hobby projects using Arduino, have discussed the same problem on
online forums, including the Arduino environment forum [61]. The function
for reading the encoder data was implemented in the system with a method for
checking and measuring the data, and the requested position was set as contin-
uous input to the motor while the actual number of degrees rotated is below the
requested position. The position read from the encoder was updated each time
the function ran in the loop system. The problem with this method with regard
to reading position data was that the read encoder function stopped reading
the position immediately after the requested position was reached. The actual
time in microseconds from when the encoder data reached the requested po-
sition to when the function that stops the motor ran was not measured in this
thesis, but was noticeable by eye in terms of the number of degrees rotated, de-
pending on the speed of the motor. This problem is further discussed in chapter
4.4.1 and shown in chapter 4.4.2, but with this function, the encoder tells us that
it counted (as an example) 160 ◦ when the user requested 160 ◦. According to
measurements taken by eye, the actual position was a few degrees over 160 ◦,
and this occurred because the function stopped at a given value in order to start
another function. Ergo, the actual position should be fed back at approximately
165 ◦, depending on the velocity of the motor. As we were unable to monitor
the actual error in terms of position, a more accurate function was requested. A
solution to this problem was found in the special feature interruption routines
on the Arduino duemilanove board, introduced in chapter 2.3.1 on page 30 and
discussed in chapter 3.3.1 on page 74. Using interrupts on the microcontroller
enabled the sensor data to be read continuously without the need to stop this
function in order to run another function in the control program. The other
functions could be run as usual without considering the function for reading
the position data. The pin numbers 2 and 3 on the Arduino duemilanove board
are also designed for use with interrupts, which allows us to monitor a digital
component and provides output when there is a change in data. This feature
is introduced in chapter 2.3.1 and discussed in chapter 3.2.1 on page 64. The
problem of stopping the encoder from reading instantly when the requested
position was reached was resolved using the interrupts. As shown in chapters
4.4.1 and 4.4.2 and in Appendix B, the position data were monitored constantly
and showed the actual position with an error of a few degrees in some cases.
The actual position read by the encoder was to be stored in the control sys-
tem in order to get the absolute position. Without a variable that contains the
absolute position of the system, the joint would be unable to know the max-
imum number of degrees it could rotate before colliding with the structures.
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By saving the actual current position, read by the sensor, as a variable in the
system, the variable could then be used to determine where the joint is in the
absolute position system. The system would then know how many degrees the
motor could rotate in each direction before reaching the maximum number of
degrees which could be rotated before a collision occurs. Another issue regard-
ing the absolute position occured when the Arduino board was without power.
When the system was shut down, the variable that had the current position of
the encoder stored in it was reset. If the joint was not set in a standard zero po-
sition before the control program was shut down, the encoder would consider
the current position of the joint to be zero position when the Arduino was pow-
ered up again. A solution to this issue was to manually move the motor step by
step by progressively smaller numbers of degrees until it reached the standard
zero position (measured by eye) on system start up. However, at the end of
this work, a new solution was found to this problem. The Arduino technology
had developed a new library function in the framework which was designed to
store values from variables to the EEPROM, mentioned in chapter 2.3.1 on page
30, on the Arduino board, which is not affected when the board is powered
down. The EEPROM allows values to be stored even if the circuit is shut down.
A function was implemented in the control system in order to store the current
position of the joint using the data from the encoder and to save this position
in the EEPROM on the Arduino. This did not solve the issue of calibrating the
joints when using the manipulator for the first time, as discussed earlier in this
section, but enabled us to shut off the power to all joints in the manipulator and
have them remain in their current position. When the joints are calibrated once,
this function will keep track of the current position of the joints at all times and
will enable the joints to be stored in any valid position in the system. Regardless
of this function, we set the position of the joint to the standard starting position
of 0 before powering down in all cases. The function for storing the current
position in EEPROM is discussed in chapter 3.2.1.
The value requested by the user is sent from the computer to the Arduino
through the serial communication port, as discussed in chapter 3.2.2. Functions
for reading and converting the data were implemented in the control system,
but needed several iterations of development and configuration in order to op-
timise their functionality. In order to read, process and write values in variables
properly without missing any bit in a byte, comprehensive tests of the serial
communication between a PC and the Arduino were carried out. Typical prob-
lems were incorrect values or missing pieces of a string given as input from the
computer. Using the Arduino environment forum on the Internet to share the
challenges we faced regarding serial communication, we received answers and
suggestions from other Arduino enthusiasts regarding the problems. A solu-
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tion was found by considering the traffic when sending bytes to and from the
Arduino and the ATmega microcontroller. Delays between each byte that was
received were set in order to allow the system to have time to process the bytes,
to convert them to valid values and to store them in variables. The bytes were
stored in arrays when read as input in the control program and then converted
to integer variables and sent to the motor. The delays were set to the minimum
value which the system could handle before problems with missing bytes oc-
curred. The function for reading the bytes from the computer was implemented
with a delay between each byte being received and stored in an array. The de-
lay value varied from 50,000 to 100,000 microseconds. The delay was adjusted
down to 50,000 microseconds after the entire first value consisting of the posi-
tion was stored in a variable. Due to the smaller number of bytes in the serial
communication buffer, the delay could be scaled down after the values were
entered into the first array, consisting of a limit of three indexes for converting
the bytes to the position parameter.
When the values for the requested position were converted into variables,
a challenge was experienced in responding to negative values. We took 0 as a
basis for the position in the system, and set a maximum limit on the number
of degrees which could be rotated in each direction before the structures in a
joint collided. The limit to the number of degrees that the motor could rotate in
each direction in the joint was approximately 110 ◦. By giving a negative value
to the system, i.e. -100 ◦, the array which takes each byte as an index and con-
verts it into an integer value when the array is full could store a value of -10
in the requested position variable. This was an issue that was difficult to solve
due to the need for a stable function for reading bytes from the computer. The
disadvantage of this function was that we had to specify the index limit when
declaring the character array and were not given the opportunity to use a float-
ing array. Taking into account that the arrays needed to be set at a certain size
when declared, the ability to use a minus sign to symbolise negative values was
removed. The solution was related to the positive values and the implementa-
tion of a variable that calculated the result of 360 minus the requested position.
If we take the requested position value of -110 ◦ as an example, by setting the
system to take every value over 360 as a negative value, the system needs an
input of 360 + 110 = 470. The 470 will be the input given from the computer.
When the system confirms that the value is over 360, the variable will calculate
360-470 and get -110 stored in the variable. The system determines which of the
two possible directions the motor will rotate in, depending on the negative or
positive value calculated in this function.
As discussed further in chapters 4.4.1 and 4.4.2 on page 100 and in 102, the
motors varied in torque and speed. All of the motors were DC and powered by
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the same power supply at different voltages, depending on the specific motor
used during the test measurements of position. Furthermore, the motors were
measured over a short amount of time, approximately five seconds, during the
test program. This measurement was taken after saving the output data from
the encoder in the test program, as discussed in chapter 4.4.2. The test program
was run once more with a smaller payload on the actuation in order to test how
the motors reacted with regard to the speed and torque at the requested PWM
value in the specified assembly. The payload was a human hand resting on
the assembly, which is shown in Figure 3.21, and two human fingers clamping
down on the rotor in the test bench, which is shown in Figure 4.7, to cause
resistance, in order to see whether or not the power of the motor was affected.
4.4.1 Experimental test programs for position accuracy
The position sensor used in this work reads data regarding changes in pulses
and provides these data as input to the Arduino Duemilanove board. The mo-
tor starts rotating in one direction when input regarding a position request is
sent from a computer. The position is counted in degrees by the encoder, and
how much the motor rotates is measured by the microcontroller, which stops
the motor when it has reached the requested position. In the development of
mechanical and electrical products that use a closed-loop system with some
kind of sensor, the system needs regulation and calibration. When errors occur
in measured systems, it is either because the sensor is providing inaccurate data
or because another part of the system, e.g., the actuation, needs to be properly
regulated in order to give the best result for the specific task. As discussed ear-
lier in this section, the motors used in this work have different levels of torque
and speed, which causes different actual positions when a joint rotates. This
test is based on the error in the actual position versus the requested position,
which we could see by eye when the motor rotated the gear in the prototype, as
shown in Figure 3.21, and by our knowledge of position regulation in open and
closed-loop systems, which were introduced and briefly discussed in chapter
2.2.4 on page 28.
In order to determine whether errors were occurring between the motor and
the encoder, a test program was written. The test program for position accuracy
runs on the Arduino Duemilanove and stops the motor when the encoder has
reached the requested position. The program has 20 prefixed positions, from
-360 ◦ to +360 ◦. The encoder is reset to the value of 0 for every new position,
and was not absolute in these test cases. The test program was tested on four
different DCmotors in order to determine which one of themotors gave the best
position accuracy and which responded best with the Arduino. The gearing
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on each motor was considered as an important factor in this test, with regard
to the torque and speed at which each motor could perform. The DC motors
which were chosen for this purpose are based on some motors from the robotics
laboratory at the Department of Informatics at the University of Oslo. Some
of the motors were ordered and were not part of the regular inventory at the
robotics laboratory.
The motors used in these tests of position accuracy are referred to in chap-
ter 3.3.2. The motors and encoders were mounted in two different prototyped
designs for the tests. On one of the prototypes, referred to as the test bench and
shown in Figure 4.7, an encoder was attached directly to the motor axle, with a
shaft, referred to as rotor, printed by the 3D printer in ABS material to connect
the motor axle and the encoder shaft together. The test bench was designed in
SolidWorks. The test bench was made in two different sizes in order to fit both
types of motor; the 6V and the 12V small-size DC motors and the 12V and 24V
large-size motors. In this case, the measurements of position accuracy using the
motor and the encoder are precise enough and give enough data about the raw
position to calculate the possible error between the requested and the actual
position. In other motors, e.g., the stepper motors briefly discussed in chapter
2.4.2, the position would have been measured in the steps of the stepper motor
and never be accurate enough due to the amount of degrees each step provides
from the stepper motor.
The other prototype, which is shown in 3.21, was used with one of the small
ELFA 12V motors. With this prototype, the gears were mounted on the mo-
Figure 4.7: Modules (in different sizes for DC motors of different sizes) for testing
position accuracy.
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tor, and the encoder had both a 12-tooth gear and a 60-tooth gear between the
smaller gears. The actual position of the encoder in this prototype needed to be
scaled down, as the encoder would rotate five times more than the gear with 60
teeth. A simple formula was calculated to be 60 teeth/12 teeth = 5.
The test program was tested on the motors using different PWM values in
order to determine whether the position accuracy was the same for each speed.
The 6V DC motor was tested with a PWM value of 35, while the 12V motors
were tested with a minimum PWM value of 55 and 60. One of the 12V motors
did not have enough torque to work under the 60 PWMvalue in this case, while
the other one managed to operate at a PWM value of 55. The 24V motor was
tested with a minimum value of 50. The maximum PWM value is 255 for all
cases were PWM is used, and all of the motors were tested using the maximum
PWM value. The entire test case for the motors in different assemblies used
PWM values of 35 for 6V, 55 and 60 for 12V, 50 for 24V, and 100, 150, 200 and
255 for all the motors. The test results were plotted on a spreadsheet and the
error was calculated for each position. The error was determined by the value
from the actual encoder position minus the requested position as input to the
motor and encoder. The average error was calculated for each test case and
plotted onto a 3D graph in Matlab, shown in figures in the next section.
4.4.2 Test results regarding position accuracy in the actuation
system
The graphs below in this sub-chapter show the error in position with the dif-
ferent motors at a variety of speeds for each test. The positions requested in
this test are included in a array of preset positions from -360 ◦ to +360 ◦ in the
control program. The goal of these graphs was to find the average error in each
test with different PWM values and voltages in different kinds of DC motors.
The graphs shows the average error from each of the requested positions in the
different PWM values applied to the motor. The coloured areas in the graphs
shows us the variation where the errors are at the highest and lowest regarding
the PWM values.
The graph analysis of the 6V DC motor with gearing of 100:1 revealed the
error from 35 to 255 PWM. This motor was the most tolerant at the lowest PWM
value. As we can see from the graph in Figure 4.8, the error was noticeable even
at the lowest PWM value of 35.
The graph analysis of the 12V DC motor with gearing of 18:1, shown in
Figure 4.9, revealed the error from a PWM value of 55 to 255. This motor is one
of two motors which are bigger in size than the other DC motors. The error
varies from 1 to 6 when the motor rotates a few degrees at a time and up to 10
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Figure 4.8: Position test results for 6V DC 100:1
when the requested position increases.
The graph analysis of the 12V DC motor with gearing of 150:1 revealed the
error from a PWM value of 60 to 255. The error, as we can see from the graph in
Figure 4.10, was significantly different from the requested position. The axle on
this motor could also be rotated using bare hands and was quite weak.
The graph analysis of the 12V DC motor assembled with 3D printed parts
revealed the error from a PWM value of 60-255. With toothed gears driven
between the motor and the encoder, the error was noticeable. The difference
varied between 1 and 2 at the lowest requested position values and up to 4 for
the highest requested values, with a PWM value of only 60 as shown in Figure
4.11.
The graph analysis of the 24V DC motor with gearing of 125:1 revealed the
error from a PWM value of 50 to 255. This is one of the two largest DC motors
in terms of physical size which were used in this test. As shown in the graph
in Figure 4.12, this motor had no errors at the lowest possible PWM value. The
error was noticeable at a higher PWM value, but this was clearly the most pre-
cise motor, according to the test results. This motor is also the slowest in terms
of speed.
After analysing the test results, the error increased as the PWM values on
the motors increased. The error value was highest with the 6V and 12V 150:1
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Figure 4.9: Position test results for 12V DC 18:1
Figure 4.10: Position test results for 12V DC 150:1
Study and Development of Manipulators in an Academic Environment 105
Figure 4.11: Position test results for 12V DC in assembly
Figure 4.12: Position test results for 24V DC 125:1
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motors. The prototype test bench with a 12V motor revealed the greatest differ-
ence between the requested position and the actual position. For the test case
with the robot joint prototype, shown in Figure 3.21, the error was smaller, but
the results were not nearly accurate enough. The 24V motor revealed the small-
est error and was perfectly accurate at a PWM value of 50, and had a maximum
error of 6 at a PWM value of 255.
In order to reduce the error, changing the speed of the motor was necessary.
If the PWM value is at the lowest acceptable level for the motor before the mo-
tor has reach the requested position, the error will be minimal. In the case of
the 24V motor, the error would be close to or exactly 0. It was not necessary
to reduce the speed of the motor when the difference between the current po-
sition and the requested position was still a major value. The implementation
of the error-regulator function was designed simply to calculate the error by
continuously reading the current position and subtracting it from the requested
position. When the result of the equation is less than 10, the PWM value re-
duces from a large specified value below 255 to the minimum PWM value the
motor can manage. An error value of 10 is an acceptable error value, and gives
the motor time to reduce its speed before reaching the requested position and
an error value of 0.
In all cases except the 24V motor, the error was larger than 0 after the speed
reduction regulator was implemented. The motors always went past their tar-
get position, with the same amount of error as in the test cases using the lowest
acceptable PWM value for the specific motor. In order to reach the exact speci-
fied position, the motors must step back a few degrees from the requested posi-
tion. A position control function was implemented in order to keep the motor
running until it was in the target position. The position-control function simply
uses the position-motor function from the main program. The position-motor
function keeps the motor running in the direction of the target. In cases where
the motors go past the requested position, the position-control function loops
and uses the position-motor function to determine which direction the motor
should go in to reach its target. Evenwhen this function was implemented there
were some cases when the smaller inaccurate motors looped infinitely between
the requested position, never getting a error value of 0.
4.5 Specification parameters
During this thesis, challenges resulted in changes in the development process.
Costs were a major specific parameter that needed to be considered during this
thesis. Components and materials were chosen in light of their cost, and some
parts of the development had to be removed or reconsidered, or alternative
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solutions had to be found.
The development using the motor and the encoder as separate components
was necessary. Servomotors are usually one of the cheapest alternatives, but
are not strong enough for industrial robots, unless a servo which has been
specifically designed for industrial purposes is chosen. A servo for this pur-
pose would unfortunately be too expensive, and was therefore unacceptable.
However, within the last month of the duration of this thesis, cheap and re-
spectable servomotors were found at DF Robots [62]. These servomotors can
have a stalling torque of 15 kg, which is considered to be enough with respect
to the weight of the prototype manipulator which was developed in this thesis.
ABS is expensive plastic material which is used to print prototyped machine
parts on one of the 3D printers used by the ROBIN research group. It costs
approximately 3 NOK per gramme of ABS material used. The cost of the sup-
port material is in the same range. The layout of the designed models which
were prototyped using the Catalyst software, as discussed in chapter 2.1.6 on
page 24, also affected the cost and took time. Saving time and costs required a
perfect balance to be reached regarding the number of parts to be printed and
how they were aligned in the software grid in Catalyst, which was given careful
consideration. During the prototyping processes, the models were placed in the
software grid with the aim of keeping costs and the time taken in production
to a minimum. Taking into account the work of students and scientists who
also require the use of the 3D printer in their research and the amount of parts
which were needed for every prototyping iteration in this thesis, as discussed in
chapter 4.1, the best possible balance in every printing process was not always
reached. As an example of a time when this was not possible, it was sometimes
necessary to produce only one model at times when there was no queue to use
the 3D printer.
In the design process, most of the designs needed to be redesigned several
times before being prototyped using the 3D printer. The design shown in Fig-
ure 3.18 was redesigned due to the major costs and time required to prototype
it using the 3D printer. The thickness of the walls and surfaces of the different
parts in this assembly was reduced from 10 and 15 mm to 5 mm. This process
was time-consuming but necessary for us to be able to produce the prototypes
tested in this thesis. The disadvantage of stripping down the design to the min-
imumwas that, when removing the support material by hand after the printing
process, the parts was especially fragile. As previously discussed in chapter
4.3.2, some of the machine parts had broken pieces after the support material
was removed by hand due to the structure being stripped down, especially in
the areas of the structure where screws were to be mounted in the assembly. A
combination of this and the size of the screws available meant that some areas
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of some of the parts were critical and required caution when assembling and
demonstrating the prototype shown in Figure 5.1.
Another parameter which was considered in this thesis was what was avail-
able within the ROBIN research group at the Department of Informatics. The
laboratory has different components which can be used in tests and prototypes
in research and development. Some of the components used for tests in this
thesis were ordered in addition to the components available at the laboratory.
The SparkFun motors were not available at the laboratory, but were considered
to be valuable for the tests in this work, and so were ordered at the very begin-
ning of the thesis to provide a base for the actuation system. Other components
such as wires, pins, clamps and other small components for use with electron-
ics were either ordered with a tool box or picked up from the laboratory storage
shelves. In order to develop and prototype parts for a manipulator, it was both
desirable and necessary to have a range of consumables available at all times.
All of the excess supplies and remaining components will be used in further
research projects.
The decision regarding what kind of actuation system would be used was
made based on what was available or could be easily purchased and ordered.
P-joints, using hydraulic or pneumatic systems as actuation, were not available
at the laboratory and were also considered to be too advanced for prototyping
a proper mechanical designed structure, taking into account the possibility that
future students will interact with and assemble the system developed in this
thesis or similar systems. Using the DC motors available at the laboratory and
other motors which were ordered in, it was determined that we would use R-
joints as the linkage system in themanipulator. However, the motors can also be
used in prismatic or linear actuation systems with a screw bolt and nut system
where the motor axle is mounted on the bolt and rotating the bolt causes the nut
to move back and forth on the threads on the bolt. Some of the other theses that
ran parallel with this thesis used this type of system as their actuation system.
4.6 Findings
During this thesis, several outcomes were discovered in the development pro-
cess. As the big picture, we considered a proposed solution to a prototype of a
manipulator that can be used in courses at universities or in other educational
systems. The purpose was to allow students to learn more about robotics by in-
teracting physically with a system. Some of the discoveries made in the process
of developing a prototype will make further research in this area more inter-
esting. The design and programming phases of the development process were
especially interesting and discoveries was found. The outcomes of the solu-
Study and Development of Manipulators in an Academic Environment 109
tions are considered to be valuable for future research and are listed below and
discussed in more detail in chapter 5.1 on page 117.
Within the design phase of this work, the final design opened up the pos-
sibility of attaching the machine parts in several different assembly configu-
rations (other than those we expected) as a result of configuration opportuni-
ties. Many configurations can be assembled in order to make a manipulator
using the modular parts shown in Figure 3.19, but opportunities to mount the
parts together in order to make other configurations that are not classified as
serial linked manipulators also arose. By considering other assemblies using
the same modular machine parts, forming configurations other than manipu-
lators, we have expanded this research area and raised many possibilities for
further development. Below are some of the assemblies which were discovered
and discussed in the design phase of this thesis. The configurations shown are
proposed kinematical arrangements of a serial linked manipulator and other
suggestions for robotic systems.
• A proposed configuration of a standard four-DOF pick and place robot with
four joints, which is designed for picking and placing objects. Shown in
Figure 4.13, A.
• A compact serial linked kinematical arrangement. This configuration was
Figure 4.13: The potential different serial linkage configurations which would form a
manipulator using the modular machine parts designed in this thesis.
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designed to see how compact the joints could be, as well as reducing the
number of parts used in a manipulator. The lid which was designed to at-
tach the Arduino to the motor driver inside the mechanical parts does not
fit in all cases with this configuration due to the special way in which some
parts are mounted. The screw holes which were designed for mounting
the parts together, either by the lid or with a similar machine part, fit in
several cases and make the compact configuration shown in Figure 4.13,
B possible.
• A four legged robot, shown in Figure 4.14, which can be assembled using
the prototyped modular machine parts shown in Appendix A on page
119. This configuration can be programmed with the Arduino that causes
each of the joints to walk or climb in different environments. By designing
end effectors to grip or place the legs more accurately and correctly on
a surface or an object, this robot could be used for further research and
development and could produce interesting results in the field of mobile
robotic systems. The configuration of the joints is very similar to that of the
X2 modular evolutionary robotics platform [47] configurations, discussed
in chapter 3.1.3, but it is not based on the same design structure.
• This three-legged robot, shown in Figure 4.15, is based on the same assem-
bly configuration as the four-legged robot. Further joints can form several
more legs if requested, but the amount of modular parts needed to achieve
such configurations would increase.
Figure 4.14: A four-legged robot, a configuration based on the modular machine parts
developed in this thesis.
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Figure 4.15: A three-legged robot, a configuration based on the modular machine parts
developed in this thesis.
• A snake robot which can adapt the motions of a snake by assembling its
joints in the proposed configuration shown in Figure 4.16. The joints could
be mounted either with no offset rotation where the rotation of the pre-
vious joint is in the same axis as the next one or with an offset of 90 ◦.
This configuration is a serial linkage and is the same as a manipulator but
without a base or platform, as discussed in chapter 3.1.4 on page 61. An
advantage of a horizontal linkage without a base (compared to a vertical
linkage with a base), is that the horizontal linkage can potentially man-
age more links than a manipulator, taking into account the sustainable
impact. A serial linkage manipulator would have the difficulty of hav-
ing too many joints due to the torque and inertia that would occur in the
bottom joints when lifting or other operations are requested. With a hori-
zontal serial linkage robot, some of these issues disappear. However, the
applications and use of a manipulator are not the same as a snake motion
robotic system. The snake robot has other specific operations (an example
is the microsnake [10], which was discussed in chapter 2.1.1 on page 16).
How well it has adapted the motion of a real snake could be the subject of
further research.
An opportunity to mount the circuit boards inside the mechanical parts was
discovered when the hubs were removed from the design shown in 3.18, which
is discussed in chapter 3.1.3. When the modular part was first designed, the
base or platform was designed to contain the Arduino and the motor driver for
each joint in the manipulator. Considering the earlier designs with smaller DC
motors, mounting the Arduino and the motor driver inside the machine parts
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Figure 4.16: A snake-shaped robot. The joints could be mounted in a serial linkage with
0 ◦ or 90 ◦ offset rotation
was impossible, due to the size of the circuit boards in relation to the machine
parts which were designed (shown in Figure 3.8 as an example). The modular
parts became even more modular and mobile when the hardware components
were mounted inside the links. We now only need to take into account the
power supply and the connection to the computer when the manipulator is
assembled in this solution. Like the M-TRAN modular robot system [11] or
the fire-extinguishing snake robot from SINTEF [9], the modular parts in this
design may be considered as building blocks for a robotic system, also with the
ability to form the same kinematic arrangement as the Motoman IA20.
4.7 Closing remarks
This chapter addresses the entire process of developing a prototype of a manip-
ulator. The iterations of different phases are presented in figures which display
the time taken by the different phases of the development. We have discussed
the challenges which were faced in the development process and the important
discoveries that came about. The challenges occurred mostly in the designing
and implementation of a control system for the hardware components. The con-
trol system had to take into account a great many difficulties in communicating
with the computer, reading the position sensor and storing position data from
the motor. Proposed solutions andmethods for addressing the challenges in the
control system were presented and implemented in the system. Due to specific
parameters, these challenges were to taken into account before prototyping and
testing the assemblies of mechanical parts and hardware components. Through
tests of position accuracy, we have presented an analysis of different motors for
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this purpose with proposed solutions for actuation and control systems for the
development of manipulators.
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Chapter 5
Conclusion
The aim of this thesis was to experience the development of a manipulator with
a focus on work flow and to illuminate the possible challenges within the pro-
cess. The results are representative to students for learning more about using
and developing robot arms. The primary objectives were to:
• Examine previous work on the development of manipulators and robotic
systems and to find out what kinds of robotic arms and other systems exist
and how they were developed.
• Identify the possibilities, tools, and methods used in developing manipu-
lators.
In Chapter 2 we examine previous work on the development of manipulators
with consideration of the methods and tools used. The work has presented var-
ious kinds of manipulators and described how they work with discussion of the
components and hardware, the tools used for development, and different con-
figurations of joints that specify the applications in both industrial and general
purposes. This created the basis for the development discussed in Chapter 3,
which included the design and prototyping of the manipulator and implemen-
tation of a control system.
• Develop a robotic manipulator with a focus on work flow.
• Prototype and assemble the proposed developed designs.
Sketches of design concepts on paper were developed into designs with the
CAD software SolidWorks and considered for the composition to form a ma-
nipulator. The design evolved from rigid anthropomorphic structured machine
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parts as a proposal for the joint mechanism to a modular manually reconfig-
urable system with three simplified machine parts for assembly into many dif-
ferent configurations. By inserting the control circuits inside the designed ma-
chine parts the system becamemore robust in protecting the control circuits and
was more space saving. A 3D printer at ROBIN was available for prototyping
the designs and was used with respect to specific parameters. The 3D printer
used ABS material to produce solid or hollow plastic models of the designed
parts.
To implement the control system, we usedArduino, a low-cost open-sourced
hardware consisting of a simplified low-level programming environment that
runs on an ATmega microcontroller. The motor and position sensor were to be
controlled by a developed closed loop function for determining the position of
the joint. Hardware components were selected on the basis of studies of other
manipulators and what was available at ROBIN.
• Learn and illuminate the challenges and choices in the process.
The development was performed using iterations of design, prototyping,
implementing a control system, and testing the position accuracy. Several chal-
lenges and discoveries were experienced during the development and are ad-
dressed in Chapter 4.
The choice of using a motor and a position sensor as separate components
for position control, as discussed in 4.5, made the design process more com-
prehensive considering the alignment with the actuation system and position
sensor in the developed machine parts. Furthermore the motor and position
sensor needed optimization for position accuracy, and measurements and tests
were done with several types of DC motors, furnishing results that determined
which of the DC motors were best suited for the prototypes. The test results
gave an indication of the torque required to rotate several plastic machine parts
with consideration of their weight and resistance. The most powerful DC mo-
tor available was used to provide assurance of the best position accuracy when
more weight and resistance were applied to the actuation system. The smaller
and low-cost DC motors were put aside when the test results proved the bene-
fits of using a more powerful DC motor.
• Conclude with possible further work topics for future master’s students.
Based on today’s focus on modular and reconfigurable robot systems, the
prototype developed in this thesis, presented in Figure 5.1, has adapted some
properties to create a system that offers many opportunities for further devel-
opment and research for students. The assembly forms a rigid manipulator
with three standard building block machine parts, making several configura-
tions possible by combining them as joints in different alignments. In addition
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Figure 5.1: The latest working prototype developed in this thesis. The prototype is
based on the designed machine parts shown in Figure 3.19.
to forming several manipulator configurations with the use of these machine
parts, other configurations outside kinematical arranged joints that are classi-
fied as serial linked manipulators were found. The machine parts can be used
for applications such as building parallel links in assemblies forming multi-
legged robots, as shown in Figures 4.14 and 4.15 or like the possible configu-
rations in the X2 modular evolutionary robotics platform [47]. A great variety
of research is created with the discovery of further configurations and use of
machine parts other than in kinematic manipulator arrangements. The work
done in this thesis has provided further objectives for research and develop-
ment which are discussed below.
5.1 Further work and research
As one of the objectives of this thesis was to discover possible further work top-
ics for future master’s students, the development process and the developed
prototype provides a variety of elements that could be further explored in sep-
arate master theses:
• Further development of the prototype. Optimization of the modular ma-
chine parts, the control units and system, and the closed loop algorithm.
Streamlining the use of hardware components, that is, finding solutions
for using fewer Arduino boards.
• Building a self-calculating kinematic system based on the modular ma-
chine parts regardless of the configuration of joints in an assembled ma-
nipulator or other robotic system.
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• Development of a climbing or walking pattern with use of the configura-
tions found in Chapter 4.6 on page 108. It would also be possible to de-
velop a design for end effectors for the surface on which the robot system
is to move.
• Investigation and case study of students or pupils, regardless of educa-
tional phase, interacting with the modular building blocks. Research on
how the students understand the robotic system and exploration of their
creativity in making a robot.
• Experimentation with the use of the manipulator in different industrial
applications to see whether the manipulator is more efficient in some op-
erations or fields.
• Use the methods and tools in this work to develop other robot manipula-
tors or robot systems for a given application.
Appendix A
Design models
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Figure A.1: Module A
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Figure A.2: Module B
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Figure A.3: Module C
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Figure A.4: Encoder mount
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Figure A.5: Motor mount
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Figure A.6: Dummy models of the motor driver and Arduino board for check-
ing the assemblies before prototyping
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Figure A.7: Dummy models of the motor and encoder for checking the assem-
blies before prototyping
Appendix B
Test results
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Figure B.1: 6VDC from 35 - 150 PWM
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Figure B.2: 6VDC from 200 - 255 PWM
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Figure B.3: 12VDC 150:1 from 60 - 150 PWM
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Figure B.4: 12VDC 150:1 from 200 - 255 PWM
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Figure B.5: 12VDC assembly from 60 - 150 PWM
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Figure B.6: 6VDC from 200 - 255 PWM
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Figure B.7: 12VDC 18:1 from 55 - 150 PWM
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Figure B.8: 12VDC 18:1 from 200 - 255 PWM
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Figure B.9: 24VDC 125:1 from 50 - 150 PWM
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Figure B.10: 24VDC 125:1 from 200 - 255 PWM
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Appendix C
Source code
C.1 Control program
This source code runs on the Arduino Duemilanove board and controls the mo-
tor by reading the encoder. The system takes input from serial port. The code is
very similar to the c language but is simplified.
# include <EEPROM. h>
//pins :
//u sd ig i t a l S4 op t i c a l encoder :
i n t a = 2;// channel a
i n t b = 3;// channel b
//motor dr iver POLULU MD05A :
i n t IN1 = 7;// d i r e c t i on of motor
i n t IN2 = 6;// d i r e c t i on of motor
i n t D2 = 10;//PWM for motor
i n t EN = 13;// enable s igna l
//var iab le s
i n t cur ren tPos i t i on = 0 ; //var iab le tha t s conta ins the current pos i t i on
in t pos i t i on = 0 ; //degrees < 0 = (0 − 360) | degrees > 0 = (361 − 720)
i n t degree = 0 ; //requested pos i t i on (360 − pos i t ion )
i n t v e l o c i t y = 0 ; //
in t slowSpeed = 50;// wi l l vary from motor to motor .
i n t cyc l e = 0 ; //conta ins the pulses from encoder (1440 CPR / 4 = 360 degrees
i n t e r ro r = 0 ; //ca l cu la t ed value of e r ro r
i n t maximum = 100;// def ines the maximum ro t a t i on of the motor ( 3 6 0 * 5 )
i n t minimum = −100;//def ines the minimum ro t a t i on of the motor (−360*5)
i n t packetsRecieved = 0 ;
const byte MESSAGE_PACKET_LENGTH = 2;// pos i t ion , speed
const char POSITION_HEADER = ’P ’ ;
const char SPEED_HEADER = ’S ’ ;
char * motor_angle = "yyy " ;//must be f i l l e d with 3 charac t e r s
char * speed_value = " xxx " ;//must be f i l l e d with 3 charac t e r s
boolean RUN = f a l s e ;
// s e t s up var iab le s to pins on arduino and opens s e r i a l communication port
void setup ( )
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{
pinMode ( a , INPUT ) ;
d ig i t a lWr i t e ( a , HIGH) ;//
pinMode (b , INPUT ) ;
d ig i t a lWr i t e ( b , HIGH) ;//
pinMode ( IN1 , OUTPUT) ;
pinMode ( IN2 , OUTPUT) ;
pinMode (D2 , OUTPUT) ;
pinMode (EN, OUTPUT) ;
a t t a ch In t e r rup t ( 0 , encoderA , CHANGE) ;
a t t a ch In t e r rup t ( 1 , encoderB , CHANGE) ;
S e r i a l . begin ( 9 6 0 0 ) ;
S e r i a l . p r in t ( " Current pos i t i on of j o i n t : " ) ;
readEEPROM( ) ;
cyc l e = cur ren tPos i t i on * 4 ;
S e r i a l . p r in t ( " current pos i t i on var iab le = " ) ;
S e r i a l . p r in t ln ( cur ren tPos i t i on ) ; // , DEC) ;
}
void loop ( )
{
serialCom ( ) ;
//enable the funct ion below i f we want to erase the EEPROM
//EEPROM. write ( 0 , 0 ) ; // s t o r e s the value 0 in index 0 in EERPOM
i f (RUN)
{
readEEPROM( ) ;
//to ca l cu l a t e the abos lute pos i t i on
in t ab so lu t ePos i t i on = ( cyc l e /4) + degree ;
//runs the funct ion i f not over the maximum or below the
//minimum amount of degrees acceptab le fo r the robot j o i n t
i f ( ab so lu t ePos i t i on <= maximum && abso lu t ePos i t i on >= minimum)
{
dontStopUntilYouGetEnough( degree , v e l o c i t y ) ;
}
//outputs f a i l u r e message to user i f requested pos i t i i on i s outs ide the
//range of maximum or minimum amount of degree acceptab le fo r the robot j o i n t
i f ( ab so lu t ePos i t i on > maximum || abso lu t ePos i t i on < minimum)
{
S e r i a l . p r in t ln ( "NOT ABLE TO ROTATE THE REQUESTED AMOUNT OF DEGREES " ) ;
S e r i a l . p r in t ( "THE LIMIT IS " ) ;
S e r i a l . p r in t (maximum ) ;
S e r i a l . p r in t ( " AND " ) ;
S e r i a l . p r in t (minimum ) ;
S e r i a l . p r in t ln ( " DEGREES " ) ;
S e r i a l . p r in t ( "CURRENT POSITION IS " ) ;
S e r i a l . p r in t ln ( ab so lu t ePos i t i on ) ;
S e r i a l . p r in t ( "REQUESTED POSITION WAS " ) ;
S e r i a l . p r in t ln ( degree ) ;
}
}
}
//reads input from s e r i a l communication port
void serialCom ( )
{
RUN = f a l s e ;
i f ( S e r i a l . ava i l ab l e ( ) )
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{
char rec ieved = S e r i a l . read ( ) ;
//delay for giving enough time to process input
delayMicroseconds ( 1 0 0000 ) ;
i f ( rec ieved == POSITION_HEADER)
{
readPos ( ) ;
readSpeed ( ) ;
RUN = true ;// S e r i a l . p r in t ln ( packetsRecieved ) ;
}
e l s e
{
S e r i a l . p r in t ln ( " INVALID INPUT " ) ;
motor_angle [ 0 ] = 0 ;
}
i f ( packetsRecieved == (MESSAGE_PACKET_LENGTH) )
{
degree = (360 − pos i t ion ) ;
//degree = pos i t ion ;//(360 − pos i t ion ) ;
//degree = ( ( 360 − pos i t ion ) * 5 ) ;
packetsRecieved = 0 ;
}
//outputs f a i l u r e message i f input i s over maximum
e l s e
{
S e r i a l . p r in t ( "TOO MUCH INPUT " ) ;
S e r i a l . p r in t ln ( packetsRecieved ) ;
}
}
}
//reads and f i l l 3 charac t e r s from input
// a f t e r ge t t ing the charac t e r ’P ’
void readPos ( )
{
motor_angle [ 0 ] = S e r i a l . read ( ) ;
delayMicroseconds ( 1 0 0000 ) ;
motor_angle [ 1 ] = S e r i a l . read ( ) ;
delayMicroseconds ( 1 0 0000 ) ;
motor_angle [ 2 ] = S e r i a l . read ( ) ;
pos i t i on = a t o i ( motor_angle ) ;
//pos i t ion = pos i t ion + 360 ;
packetsRecieved++;
}
//reads and f i l l 3 charac t e r s from input
// a f t e r ge t t ing the charac t e r ’S ’
void readSpeed ( )
{
speed_value [ 0 ] = S e r i a l . read ( ) ;
delayMicroseconds ( 5 0 000 ) ;
speed_value [ 0 ] = S e r i a l . read ( ) ;
delayMicroseconds ( 5 0 000 ) ;
speed_value [ 1 ] = S e r i a l . read ( ) ;
delayMicroseconds ( 5 0 000 ) ;
speed_value [ 2 ] = S e r i a l . read ( ) ;
v e l o c i t y = a t o i ( speed_value ) ;
packetsRecieved++;
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}
//s t o r e s current pos i t i on of encoder in EEPROM
void writeEEPROM ( in t pos )
{
i f ( pos < 0)
{
pos = pos * (−1);// convert the value from − −> +
pos = pos + 100;//adds 100 to pos i t i on to s t o re the value in EEPROM
}
EEPROM. write ( 0 , pos ) ;// s t o r e s the pos i t i on in index 0 in EEPROM
}
//get l a s t s tored pos i t ion ( current pos i t i on ) of encoder from EEPROM
void readEEPROM ( )
{
i n t readData = ( i n t )EEPROM. read (0 ) ; // reads the value s tored in index 0 in EEPROM
i f ( readData > 100)
{
readData = ( ( readData − 100 ) * ( − 1 ) ) ;
}
cyc l e = readData * 4 ;
S e r i a l . p r in t ( " read from EEPROM: " ) ;
S e r i a l . p r in t ln ( ( cyc l e / 4 ) ) ;
}
//loops un t i l requested pos i t i on i s reached
void dontStopUntilYouGetEnough ( i n t pos , i n t Speed )
{
while ( pos != ( cyc l e /4) )
{
posit ionMotor ( pos , Speed ) ;
}
S e r i a l . p r in t ( "PWM speed : " ) ;
S e r i a l . p r in t ln ( Speed ) ;
S e r i a l . p r in t ( " Requested pos i t i on : " ) ;
S e r i a l . p r in t ln ( pos ) ;
writeEEPROM ( ( cyc l e /4) ) ;// s t o r e s the current pos i t i on in index 0 in EEPROM
Se r i a l . p r in t ( " Current pos i t i on : " ) ;
S e r i a l . p r in t ln ( ( cyc l e /4) ) ;// the current pos i t i on of encoder
delay (3000) ;//3 seconds
}
// s t a r t s the motor
void star tMotor ( i n t pos , i n t Speed )
{
//d i f f e r en t cases fo r determining the d i r e c t i on of the motor
//based on the requested pos i t i on value
//enables the motor
d ig i t a lWr i t e (EN, HIGH) ;
i f ( pos < ( cyc l e /4) )
{
d ig i t a lWr i t e ( IN1 , LOW) ;
d ig i t a lWr i t e ( IN2 , HIGH) ;
}
i f ( pos == 0)
{
i f ( pos < ( cyc l e /4) )
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{
d ig i t a lWr i t e ( IN1 , LOW) ;
d ig i t a lWr i t e ( IN2 , HIGH) ;
}
i f ( pos > ( cyc l e /4)
{
d ig i t a lWr i t e ( IN1 , HIGH) ;
d ig i t a lWr i t e ( IN2 , LOW) ;
}
}
i f ( pos > ( cyc l e /4))// e l s e
{
d ig i t a lWr i t e ( IN1 , HIGH) ;
d ig i t a lWr i t e ( IN2 , LOW) ;
}
//regu la t e s the speed when near requested pos i t i on so accuracy i s optimal
i f ( e r ro r < 10)
{
analogWrite (D2 , slowSpeed ) ;
}
e l s e
{
analogWrite (D2 , Speed ) ;
}
}
//pos i t ion motor
void posit ionMotor ( i n t pos , i n t Speed )
{
i f ( pos < ( cyc l e /4))// i f ( pos < 0)
{
while ( ( cyc l e /4) > pos )
{
s tar tMotor ( pos , Speed ) ;
reg ( pos ) ;
}
//stopMotor ( pos ) ;
}
e l s e i f ( pos == 0)
{
i f ( ( cyc l e /4) < pos )
{
while ( ( cyc l e /4) < pos )
{
s tar tMotor ( pos , Speed ) ;
reg ( pos ) ;
}
}
e l s e// i f ( ( cyc l e /4) > pos )
{
while ( ( cyc l e /4) > pos )
{
s tar tMotor ( pos , Speed ) ;
reg ( pos ) ;
}
}
//stopMotor ( pos ) ;
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}
i f ( pos > ( cyc l e /4))// e l s e
{
while ( ( cyc l e /4) < pos )
{
s tar tMotor ( pos , Speed ) ;
reg ( pos ) ;
}
//stopMotor ( pos ) ;
}
stopMotor ( ) ; / / ( pos ) ;
delay (100) ;//1/100 seconds
}
//stops the motor
void stopMotor ( )// ( i n t pos )
{
d ig i t a lWr i t e (EN, LOW) ;
d ig i t a lWr i t e ( IN1 , LOW) ;
d ig i t a lWr i t e ( IN2 , LOW) ;
}
//ca l cu l a t e s the e r ro r in pos i t i on
void reg ( i n t pos )
{
//e r ror = ( ( cyc l e /4) − ( pos ) ) ;
i f ( pos > 0)
{
e r ro r = ( ( ( cyc l e /4) − ( pos ) ) * ( − 1 ) ) ; // e r ror = ( e r ro r * ( − 1 ) ) ;
}
e l s e i f ( pos == 0)
{
i f ( ( cyc l e /4) > 0)
{
e r ro r = ( ( cyc l e /4) − ( pos ) ) ;
}
i f ( ( cyc l e /4) < 0)
{
e r ro r = ( ( ( cyc l e /4) − ( pos ) ) * ( − 1 ) ) ; // e r ror = ( e r ro r * ( − 1 ) ) ;
}
}
e l s e
{
e r ro r = ( ( cyc l e /4) − ( pos ) ) ;
}
}
//encoder funct ion − leads channel A
void encoderA ( )
{
i f ( d ig i ta lRead ( a ) == HIGH)
{
i f ( d ig i ta lRead ( b ) == LOW)
{
cyc l e = cyc l e + 1 ;
}
e l s e
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{
cyc l e = cyc l e − 1 ;
}
}
e l s e
{
i f ( d ig i ta lRead ( b ) == HIGH)
{
cyc l e = cyc l e + 1 ;
}
e l s e
{
cyc l e = cyc l e − 1 ;
}
}
}
//encoder funct ion − leads channel B
void encoderB ( )
{
i f ( d ig i ta lRead (b ) == HIGH)
{
i f ( d ig i ta lRead ( a ) == HIGH)
{
cyc l e = cyc l e + 1 ;
}
e l s e
{
cyc l e = cyc l e − 1 ;
}
}
e l s e
{
i f ( d ig i ta lRead ( a ) == LOW)
{
cyc l e = cyc l e + 1 ;
}
e l s e
{
cyc l e = cyc l e − 1 ;
}
}
}
C.2 Test program
This source code was implemented on the Arduino Duemilanove board for test-
ing the position accuracy on the motors used in this thesis. The test runs 50
times on each speed before increasing the PWM value / the speed on the motor
to the next speed level.
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//pins :
//u sd ig i t a l S4 op t i c a l encoder :
i n t a = 2;// channel a
i n t b = 3;// channel b
//motordriver POLULU MD05A :
i n t IN1 = 6;// d i r e c t i on of motor
i n t IN2 = 7;// d i r e c t i on of motor
i n t D2 = 10;//PWM for motor
i n t EN = 13;// enable s igna l
//var iab le s
i n t degree = 0;// pos i t ion for motor and encoder
i n t v e l o c i t y = 0;// s e t s the PWM for the motor
i n t minimumSpeed = 50;//60 for 12VDC Small , 50 fo r 12/24VDC big
in t cyc l e = 0;// count the pulses from the encoder
//array of requested degrees
i n t arrayDegrees [ ] = { 5 , 15 , 30 , 45 , 60 , 90 , 160 , 180 , 270 , 360 ,
−5, −15, −30, −45, −60, −90, −160, −180, −270, −360};
i n t loopCounter = 50;// counts 50 t imes and then r e s e t s .
i n t in c reaseVe loc i t y = 0;// increas ing the v e l o c i t y fo r every time loopCounter reach 50
void setup ( )
{
pinMode ( a , INPUT ) ;
d ig i t a lWr i t e ( a , HIGH) ;//
pinMode (b , INPUT ) ;
d ig i t a lWr i t e ( b , HIGH) ;//
pinMode ( IN1 , OUTPUT) ;
pinMode ( IN2 , OUTPUT) ;
pinMode (D2 , OUTPUT) ;
pinMode (EN, OUTPUT) ;
a t t a ch In t e r rup t ( 0 , encoderA , CHANGE) ;
a t t a ch In t e r rup t ( 1 , encoderB , CHANGE) ;
S e r i a l . begin ( 9 6 0 0 ) ;
}
void loop ( )
{
run ( ) ;
}
void run ( )
{
loopCounter ++;
//s e t s the PWM value fo r the t e s t
i f ( loopCounter > 50)
{
in c reaseVe loc i t y ++;
i f ( in c reaseVe loc i t y == 1)
{
v e l o c i t y = minimumSpeed ;
S e r i a l . p r in t ln ( " " ) ;
S e r i a l . p r in t ( " v e l o c i t y : " ) ;
S e r i a l . p r in t ln ( v e l o c i t y ) ;
}
i f ( in c reaseVe loc i t y == 2)
{
v e l o c i t y = 100 ;
S e r i a l . p r in t ln ( " " ) ;
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S e r i a l . p r in t ( " v e l o c i t y : " ) ;
S e r i a l . p r in t ln ( v e l o c i t y ) ;
}
i f ( in c reaseVe loc i t y == 3)
{
v e l o c i t y = 150 ;
S e r i a l . p r in t ln ( " " ) ;
S e r i a l . p r in t ( " v e l o c i t y : " ) ;
S e r i a l . p r in t ln ( v e l o c i t y ) ;
}
i f ( in c reaseVe loc i t y == 4)
{
v e l o c i t y = 200 ;
S e r i a l . p r in t ln ( " " ) ;
S e r i a l . p r in t ( " v e l o c i t y : " ) ;
S e r i a l . p r in t ln ( v e l o c i t y ) ;
}
i f ( in c reaseVe loc i t y == 5)
{
v e l o c i t y = 255 ;
S e r i a l . p r in t ln ( " " ) ;
S e r i a l . p r in t ( " v e l o c i t y : " ) ;
S e r i a l . p r in t ln ( v e l o c i t y ) ;
}
i f ( in c reaseVe loc i t y > 5)
{
in c reaseVe loc i t y = 0 ;
v e l o c i t y = 0 ;
S e r i a l . p r in t ln ( " " ) ;
S e r i a l . p r in t ln ( " end of t e s t " ) ;
}
loopCounter = 0 ;
}
//for the assembly motor t e s t
//degree *5 ( ( cyc l e /4)/5)
fo r ( i n t i = 0 ; i < 20 ; i ++)
{
degree = arrayDegrees [ i ] ;
degree ;
cyc l e = 0 ;
posit ionMotor ( degree ) ;
// S e r i a l . p r in t ( " requested pos i t i on : " ) ;
// S e r i a l . p r in t ( degree ) ;
// S e r i a l . p r in t ( " a c tua l pos i t i on : " ) ;
// S e r i a l . p r in t ( " " ) ;
S e r i a l . p r in t ( ( cyc l e / 4 ) ) ;
S e r i a l . p r in t ( " " ) ;
}
S e r i a l . p r in t ln ( " " ) ;
}
void star tMotor ( i n t pos , i n t Speed )
{
d ig i t a lWr i t e (EN, HIGH) ;
i f ( pos < 0)// i f ( pos < 0)
{
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d ig i t a lWr i t e ( IN1 , LOW) ;
d ig i t a lWr i t e ( IN2 , HIGH) ;
}
e l s e i f ( pos == 0)
{
i f ( pos < ( ( cyc l e /4)/5) )
{
d ig i t a lWr i t e ( IN1 , LOW) ;
d ig i t a lWr i t e ( IN2 , HIGH) ;
}
e l s e
{
d ig i t a lWr i t e ( IN1 , HIGH) ;
d ig i t a lWr i t e ( IN2 , LOW) ;
}
}
e l s e
{
d ig i t a lWr i t e ( IN1 , HIGH) ;
d ig i t a lWr i t e ( IN2 , LOW) ;
}
analogWrite (D2 , Speed ) ;
}
void posit ionMotor ( i n t pos )
{
//for the assembly motor t e s t
//pos * 5 ;
i f ( pos < 0)// i f ( pos <= 0)
{
while ( ( cyc l e /4) > pos )
{
s tar tMotor ( pos , v e l o c i t y ) ;
}
stopMotor ( ) ;
}
e l s e i f ( pos == 0)
{
while ( ( cyc l e /4) > pos )
{
s tar tMotor ( pos , v e l o c i t y ) ;
}
while ( ( cyc l e /4) < pos )
{
s tar tMotor ( pos , v e l o c i t y ) ;
}
stopMotor ( ) ;
}
e l s e
{
while ( ( cyc l e /4) < pos )
{
s tar tMotor ( pos , v e l o c i t y ) ;// stopMotor ( ) ;
}
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stopMotor ( ) ;
}
delay (1000) ;//1 seconds
}
void stopMotor ( )
{
d ig i t a lWr i t e (EN, LOW) ;
d ig i t a lWr i t e ( IN1 , LOW) ;
d ig i t a lWr i t e ( IN2 , LOW) ;
}
void encoderA ( )
{
i f ( d ig i ta lRead ( a ) == HIGH)
{
i f ( d ig i ta lRead ( b ) == LOW)
{
cyc l e = cyc l e + 1 ;
}
e l s e
{
cyc l e = cyc l e − 1 ;
}
}
e l s e
{
i f ( d ig i ta lRead ( b ) == HIGH)
{
cyc l e = cyc l e + 1 ;
}
e l s e
{
cyc l e = cyc l e − 1 ;
}
}
}
void encoderB ( )
{
i f ( d ig i ta lRead (b ) == HIGH)
{
i f ( d ig i ta lRead ( a ) == HIGH)
{
cyc l e = cyc l e + 1 ;
}
e l s e
{
cyc l e = cyc l e − 1 ;
}
}
e l s e
{
i f ( d ig i ta lRead ( a ) == LOW)
{
cyc l e = cyc l e + 1 ;
}
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e l s e
{
cyc l e = cyc l e − 1 ;
}
}
}
C.3 Matlab source code
C.3.1 Forward kinematics
funct ion [ T ] = fwkin ( q )
% var iab le s in mm from pick and place robot
d1=441 . 0 ;
d2=67 . 0 ;
d3=67 . 0 ;
a1 =0;
a2 =180 . 0 ;
a3 =431 . 0 ;
the ta1 = q ( 1 ) ;
the ta2 = q ( 2 ) ;
the ta3 = q ( 3 ) ;
alpha1 = pi /2;
alpha2 = 0 ;
alpha3 = 0 . 0 ;
%O1 −> O0
A1 =
[ cos ( the ta1 ) (− s in ( the ta1 ) * cos ( alpha1 ) ) ( s in ( the ta1 ) * s in ( alpha1 ) ) ( a1 * cos ( the ta1 ) )
s in ( the ta1 ) ( cos ( the ta1 ) * cos ( alpha1 ) ) (−cos ( the ta1 ) * s in ( alpha1 ) ) ( a1 * s in ( the ta1 ) )
0 s in ( alpha1 ) cos ( alpha1 ) d1
0 0 0 1 ] ;
%O2 −>O1
A2 =
[ cos ( the ta2 ) (− s in ( the ta2 ) * cos ( alpha2 ) ) ( s in ( the ta2 ) * s in ( alpha2 ) ) ( a2 * cos ( the ta2 ) )
s in ( the ta2 ) ( cos ( the ta2 ) * cos ( alpha2 ) ) (−cos ( the ta2 ) * s in ( alpha2 ) ) ( a2 * s in ( the ta2 ) )
0 s in ( alpha2 ) cos ( alpha2 ) d2
0 0 0 1 ] ;
%O3 −> O2
A3 =
[ cos ( the ta3 ) (− s in ( the ta3 ) * cos ( alpha3 ) ) ( s in ( the ta3 ) * s in ( alpha3 ) ) ( a3 * cos ( the ta3 ) )
s in ( the ta3 ) ( cos ( the ta3 ) * cos ( alpha3 ) ) (−cos ( the ta3 ) * s in ( alpha3 ) ) ( a3 * s in ( the ta3 ) )
0 s in ( alpha3 ) cos ( alpha3 ) d3
0 0 0 1 ] ;
%O3 −> O0
T=A1*A2*A3 ;
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C.3.2 Inverse kinematics
funct ion [Q] = ivkin ( r )
% var iab le s in mm from pick and place robot
d1=441 . 0 ;
d2=67 . 0 ;
d3=67 . 0 ;
d=d2+d3 ;
a1 =0;
a2 =180 . 0 ;
a3 =431 . 0 ;
% Calcula t ing the ta1
% Le f t manipulator con f igura t ion
ps i=atan2 ( r ( 2 ) , r ( 1 ) ) ;
alpha=atan2 (d , sq r t ( r (1 )^2 + r (2)^2 − d^2 ) ) ;
the ta11=psi−alpha ;
% Right manipulator con f igura t ion
alpha=atan2 ( r ( 2 ) , r ( 1 ) ) ;
gamma=atan2 (d , sq r t ( r (1 )^2 + r (2)^2 −d^2 ) ) ;
the ta12=alpha+gamma+pi ;
% Calcula t ing the ta3
D=( r (1 )^2 +r (2)^2 −d^2 +( r (3)−d1)^2−a2^2 −a3 ^2)/(2* a2 * a3 ) ;
% Le f t manipulator con f igura t ion
% Solut ion 1
theta31L=atan2 ( sqr t (1−D^2) ,D) ;
% Solut ion 2
theta32L=atan2 ((− sqr t (1−D^2) ) ,D) ;
% Right manipulator con f igura t ion
% Solut ion 1
the ta31=atan2 ( sqr t (1−D^2) ,D) ;
% Solut ion 2
the ta32=atan2((− sqr t (1−D^2) ) ,D) ;
% Calcula t ing the ta2
% Le f t manipulator con f igura t ion
% Solut ion 1
the ta21=
( atan2(−( r (3)−d1 ) , sq r t ( r (1 )^2 +r (2)^2 −d^2) )
−atan2 ( a3 * s in ( theta31L ) , ( a2+a3 * cos ( the ta31 ) ) ) ) ;
% Solut ion 2
the ta22=
( atan2(−( r (3)−d1 ) , sq r t ( r (1 )^2 +r (2)^2 −d^2) )
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−atan2 ( a3 * s in ( theta32L ) , ( a2+a3 * cos ( the ta32 ) ) ) ) ;
% Right manipulator con f igura t ion
% Solut ion 1
theta21R=
pi +( atan2 ( ( r (3)−d1 ) , sq r t ( r (1 )^2 +r (2)^2 −d^2) )
−atan2 ( a3 * s in ( the ta31 ) , ( a2+a3 * cos ( the ta31 ) ) ) ) ;
% Solut ion 2
theta22R=
pi +( atan2 ( ( r (3)−d1 ) , sq r t ( r (1 )^2 +r (2)^2 −d^2) )
−atan2 ( a3 * s in ( the ta32 ) , ( a2+a3 * cos ( the ta32 ) ) ) ) ;
Q=[ the ta11 the ta21 the ta31 ;
the ta11 the ta22 the ta32 ;
the ta12 theta21R theta31 ;
the ta12 theta22R theta32 ] ’ ;
C.3.3 Matlab overall management system
A simple script in Matlab was written to communicate and send and receive
data to and from the Arduino. The parameters given is position and speed
to the motor. Each Θ - angles is ment to be the position input which need to
be added with 360 for solving the dilemma with negative values over the serial
communication port. Belowwe’ve provided a simple example on how it’s done.
Notice that giving the real Θ - value from a kinematic calculation was never
tested in this thesis, but have been simulated in the introductory course to robot
technology, briefly discussed in chapter 1.1. The forward and inversekinematics
in this thesis are based on the simulations done in this course.
%declar ing a COM−port fo r sending and rece iv ing data
s1 = s e r i a l ( ’COM4’ , ’ BaudRate ’ , 9600 , ’ Par i ty ’ , ’ none ’ , ’ DataBits ’ , 8 ) ;
s2 = s e r i a l ( ’COM5’ , ’ BaudRate ’ , 9600 , ’ Par i ty ’ , ’ none ’ , ’ DataBits ’ , 8 ) ;
s3 = s e r i a l ( ’COM6’ , ’ BaudRate ’ , 9600 , ’ Par i ty ’ , ’ none ’ , ’ DataBits ’ , 8 ) ;
%opens the COM−port s
fopen ( s1 ) ;
fopen ( s2 ) ;
fopen ( s3 ) ;
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Based on the forward and inversekinematics formula implemented inMatlab in
the previous section we give the theta-angle for the given joint as input behind
P. In script we will have, for instance, ’P’+(theta11+360)+’S100’. E.g we get:
%sends to arduino
f p r i n t f ( s1 , ’ P270S100 ’ ) ;
%for the other j o i n t s :
f p r i n t f ( s2 , ’P’+ the ta21 + ’ S100 ’ ) ;
f p r i n t f ( s3 , ’P’+ the ta31 + ’ S100 ’ ) ;
%c lose s the COM−port s a f t e r sending data
f c l o s e ( s1 ) ;
f c l o s e ( s2 ) ;
f c l o s e ( s3 ) ;
C.3.4 Matlab plot graph function
This function plots the data from the position accuracy and control tests dis-
cussed in chapter 4.4. The data is gathered and based on the data shown in
Appendix B
c l e a r a l l ;
c lo se a l l ;
y = [60 , 100 , 150 , 200 , 2 5 5 ] ;
%requested pos i t i on
X = [
−360 ,−270 ,−180 ,−160 ,−90 ,−60 ,−45 ,−30 ,−15 ,−5 ,5 ,15 ,30 ,45 ,60 ,90 ,160 ,180 ,270 ,360;
−360 ,−270 ,−180 ,−160 ,−90 ,−60 ,−45 ,−30 ,−15 ,−5 ,5 ,15 ,30 ,45 ,60 ,90 ,160 ,180 ,270 ,360;
−360 ,−270 ,−180 ,−160 ,−90 ,−60 ,−45 ,−30 ,−15 ,−5 ,5 ,15 ,30 ,45 ,60 ,90 ,160 ,180 ,270 ,360;
−360 ,−270 ,−180 ,−160 ,−90 ,−60 ,−45 ,−30 ,−15 ,−5 ,5 ,15 ,30 ,45 ,60 ,90 ,160 ,180 ,270 ,360;
−360 ,−270 ,−180 ,−160 ,−90 ,−60 ,−45 ,−30 ,−15 ,−5 ,5 ,15 ,30 ,45 ,60 ,90 ,160 ,180 ,270 ,360
] ;
%ac tua l pos i t i on f i r s t t e s t
Z = [
−434 ,−340 ,−249 ,−231 ,−158 ,−126 ,−105 ,−83 ,−54 ,−35 ,36 ,51 ,86 ,104 ,126 ,159 ,229 ,249 ,340 ,430;
−427 ,−337 ,−245 ,−219 ,−151 ,−116 ,−102 ,−80 ,−53 ,−30 ,25 ,52 ,81 ,102 ,120 ,150 ,224 ,243 ,333 ,423;
−415 ,−327 ,−234 ,−213 ,−144 ,−108 ,−89 ,−72 ,−47 ,−29 ,26 ,46 ,70 ,93 ,111 ,143 ,216 ,236 ,326 ,416;
−400 ,−308 ,−218 ,−201 ,−125 ,−94 ,−76 ,−56 ,−33 ,−17 ,17 ,37 ,59 ,78 ,95 ,128 ,200 ,222 ,312 ,403;
−377 ,−286 ,−195 ,−176 ,−104 ,−69 ,−55 ,−39 ,−22 ,−10 ,9 ,24 ,42 ,58 ,75 ,106 ,178 ,196 ,287 ,376
] ;
%12VDC 150 :1
A = [
−445 ,−358 ,−267 ,−242 ,−167 ,−139 ,−117 ,−88 ,−58 ,−32 ,18 ,58 ,91 ,122 ,138 ,172 ,243 ,266 ,356 ,446;
−435 ,−345 ,−255 ,−232 ,−158 ,−127 ,−108 ,−85 ,−56 ,−26 ,21 ,57 ,88 ,112 ,127 ,160 ,231 ,254 ,344 ,434;
−429 ,−337 ,−247 ,−227 ,−153 ,−122 ,−101 ,−79 ,−51 ,−29 ,24 ,53 ,82 ,103 ,120 ,156 ,226 ,249 ,340 ,430;
−411 ,−322 ,−230 ,−208 ,−136 ,−102 ,−83 , −64 ,−38 ,−22 ,19 ,39 ,64 ,85 , 104 , 136 , 211 , 231 , 322 , 412 ;
−383 ,−292 ,−202 ,−181 ,−109,−77 , −61, −43 ,−24 ,−11 ,12 ,25 ,44 ,62 , 78 , 109 , 182 , 202 , 292 , 383 ;
] ;
%12VDC in assembly
B = [
−376 ,−286 ,−196 ,−176 ,−106 ,−75 ,−60 ,−45 ,−30 ,−17 ,16 ,29 ,45 ,60 ,75 ,105 ,175 ,195 ,285 ,375;
154 Study and Development of Manipulators in an Academic Environment
−374 ,−284 ,−194 ,−174 ,−103 ,−73 ,−58 ,−43 ,−27 ,−16 ,15 ,27 ,42 ,57 ,73 ,103 ,173 ,193 ,283 ,373;
−372 ,−282 ,−192 ,−172 ,−102 ,−72 ,−57 ,−42 ,−26 ,−14 ,14 ,25 ,41 ,56 ,71 ,101 ,171 ,192 ,282 ,372;
−369 ,−279 ,−189 ,−169 , −99 ,−68 ,−53 ,−38 ,−22 ,−11 ,10 ,22 ,37 ,53 ,68 , 98 , 168 , 188 , 278 , 368 ;
−363 ,−273 ,−183 ,−163 , −93,−62,−48,−33,−17, −7, 6 , 17 , 32 , 47 , 63 , 93 , 162 , 183 , 273 , 363 ;
] ;
%12VDC 18 : 1
C = [
−550 ,−461 ,−371 ,−351 ,−279 ,−241 ,−214 ,−176 ,−102 ,−41 ,44 ,10 ,181 ,223 ,251 ,293 ,367 ,387 ,475 ,564;
−522 ,−432 ,−340 ,−319 ,−229 ,−190 ,−166 ,−134 , −87 , −42 ,46 ,94 ,140 ,174 ,203 ,248 ,331 ,352 ,443 ,533 ;
−499 ,−408 ,−312 ,−290 ,−197 ,−155 ,−129 ,−103 , −64 , −27 ,27 ,65 ,107 ,139 ,167 ,214 ,301 ,323 ,417 ,507 ;
−449 ,−357 ,−262 ,−240 ,−158 ,−117 , −94, −69, −40 ,−15 ,15 ,40 , 71 , 97 , 120 , 162 , 245 , 268 , 362 , 454 ;
−370 ,−280 ,−190 ,−170 , −99, −68, −52, −35, −18, −6, 6 ,19 , 36 , 53 , 69 , 100 , 170 , 191 , 280 , 370 ;
] ;
%6VDC 100 :1
D = [
−501 ,−409 ,−317 ,−296 ,−220 ,−177 ,−145 ,−110 ,−70 ,−40 ,41 ,70 ,109 ,141 ,170 ,210 ,283 ,303 ,393 ,484 , ;
−491 ,−399 ,−307 ,−285 ,−212 ,−170 ,−143 ,−111 ,−71 ,−46 ,45 ,72 ,109 ,142 ,166 ,204 ,277 ,297 ,388 ,479 , ;
−483 ,−392 ,−300 ,−278 ,−204 ,−165 ,−139 ,−110 ,−73 ,−46 ,45 ,72 ,109 ,136 ,158 ,194 ,267 ,287 ,377 ,467 , ;
−461 ,−370 ,−277 ,−256 ,−179 ,−140 ,−118 , −92 ,−59 ,−33 ,32 ,59 , 91 , 114 , 135 , 171 , 246 , 265 , 357 , 448 , ;
−383 ,−292 ,−201 ,−181 ,−108 , −76, −58, −42,−24,−10, 9 ,22 , 42 , 59 , 75 , 106 , 177 , 197 , 287 , 378 , ;
] ;
E = [
−365 ,−276 ,−186 ,−166 ,−95 ,−66 ,−50 ,−34 ,−18 ,−7 ,7 ,18 ,34 ,50 ,66 ,96 ,166 ,186 ,276 ,366;
−364 ,−274 ,−184 ,−164 ,−94 ,−64 ,−49 ,−34 ,−18 ,−7 ,7 ,18 ,34 ,50 ,65 ,95 ,164 ,185 ,275 ,365;
−364 ,−274 ,−184 ,−163 ,−94 ,−63 ,−49 ,−34 ,−18 ,−7 ,7 ,18 ,34 ,49 ,64 ,94 ,164 ,184 ,274 ,364;
−362 ,−272 ,−182 ,−162 ,−92 ,−62 ,−46 ,−32 ,−17 ,−7 ,7 ,17 ,32 ,47 ,62 ,92 ,162 ,182 ,272 ,362;
−359 ,−270 ,−178 ,−159 ,−90 ,−57 ,−44 ,−30 ,−15 ,−5 ,5 ,15 ,30 ,45 ,60 ,90 ,160 ,178 ,270 ,360;
] ;
%e r ror = requested pos i t i on − ac tua l pos i t i on
e1 = Z−X;%gammelt t e s t c a s e
e2 = A−X;%12VDC 150 :1
e3 = B−X;%12VDC in assembly
e4 = C−X;%12VDC 18 : 1
e5 = D−X;%6VDC 100 :1
e6 = E−X;%24VDC 125 :1
width = 2500 ;
length = 2500 ;
f igure ( 1 0 0 0 ) ; c l f ;
su r f ( e2 ) ;
s e t ( gca , ’ XTick ’ , [ 0 : 2 0 ] )
s e t ( gca , ’ YTick ’ , [ 1 : 5 ] )
s e t ( gca , ’ XTickLabel ’,’−360|−270|−180|−160|−90|−60|−45|−30|−15|−5|0
|5|15|30|45|60|90|160|180|270|360 ’)
s e t ( gca , ’ YTickLabel ’ , ’60|100|150|200|255 ’)
x l abe l ( ’ Requested Pos i t ion ’ , ’ FontSize ’ , 1 6 ) ;
y l abe l ( ’ Speed PWM’ , ’ FontSize ’ , 1 6 ) ;
z l abe l ( ’ Error ’ , ’ FontSize ’ , 1 6 ) ;
t i t l e ( ’ Pos i t i on t e s t d a t a fo r : 12V DC 150 : 1 ’ , ’ FontSize ’ , 1 6 ) ;
f i gure ( 1 0 0 1 ) ;
su r f ( e3 ) ;
s e t ( gca , ’ XTick ’ , [ 0 : 2 0 ] )
s e t ( gca , ’ YTick ’ , [ 1 : 5 ] )
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se t ( gca , ’ XTickLabel ’,’−360|−270|−180|−160|−90|−60|−45|−30|−15|−5|0
|5|15|30|45|60|90|160|180|270|360 ’)
s e t ( gca , ’ YTickLabel ’ , ’60|100|150|200|255 ’)
x l abe l ( ’ Requested Pos i t ion ’ , ’ FontSize ’ , 1 6 ) ;
y l abe l ( ’ Speed PWM’ , ’ FontSize ’ , 1 6 ) ;
z l abe l ( ’ Error ’ , ’ FontSize ’ , 1 6 ) ;
t i t l e ( ’ Pos i t i on t e s t d a t a fo r : 12V DC in Assembly ’ , ’ FontSize ’ , 1 6 ) ;
f i gure ( 1 0 0 2 ) ;
su r f ( e4 ) ;
s e t ( gca , ’ XTick ’ , [ 0 : 2 0 ] )
s e t ( gca , ’ YTick ’ , [ 1 : 5 ] )
s e t ( gca , ’ XTickLabel ’,’−360|−270|−180|−160|−90|−60|−45|−30|−15|−5|0
|5|15|30|45|60|90|160|180|270|360 ’)
s e t ( gca , ’ YTickLabel ’ , ’55|100|150|200|255 ’)
x l abe l ( ’ Requested Pos i t ion ’ , ’ FontSize ’ , 1 6 ) ;
y l abe l ( ’ Speed PWM’ , ’ FontSize ’ , 1 6 ) ;
z l abe l ( ’ Error ’ , ’ FontSize ’ , 1 6 ) ;
t i t l e ( ’ Pos i t i on t e s t d a t a fo r : 12V DC 18 : 1 ’ , ’ FontSize ’ , 1 6 ) ;
f i gure ( 1 0 0 3 ) ;
su r f ( e5 ) ;
s e t ( gca , ’ XTick ’ , [ 0 : 2 0 ] )
s e t ( gca , ’ YTick ’ , [ 1 : 5 ] )
s e t ( gca , ’ XTickLabel ’,’−360|−270|−180|−160|−90|−60|−45|−30|−15|−5|0
|5|15|30|45|60|90|160|180|270|360 ’)
s e t ( gca , ’ YTickLabel ’ , ’35|100|150|200|255 ’)
x l abe l ( ’ Requested Pos i t ion ’ , ’ FontSize ’ , 1 6 ) ;
y l abe l ( ’ Speed PWM’ , ’ FontSize ’ , 1 6 ) ;
z l abe l ( ’ Error ’ , ’ FontSize ’ , 1 6 ) ;
t i t l e ( ’ Pos i t i on t e s t d a t a fo r : 6V DC 100 : 1 ’ , ’ FontSize ’ , 1 6 ) ;
f i gure ( 1 0 0 4 ) ;
su r f ( e6 ) ;
s e t ( gca , ’ XTick ’ , [ 0 : 2 0 ] )
s e t ( gca , ’ YTick ’ , [ 1 : 5 ] )
s e t ( gca , ’ XTickLabel ’,’−360|−270|−180|−160|−90|−60|−45|−30|−15|−5|0
|5|15|30|45|60|90|160|180|270|360 ’)
s e t ( gca , ’ YTickLabel ’ , ’50|100|150|200|255 ’)
x l abe l ( ’ Requested Pos i t ion ’ , ’ FontSize ’ , 1 6 ) ;
y l abe l ( ’ Speed PWM’ , ’ FontSize ’ , 1 6 ) ;
z l abe l ( ’ Error ’ , ’ FontSize ’ , 1 6 ) ;
t i t l e ( ’ Pos i t i on t e s t d a t a fo r : 24V DC 125 : 1 ’ , ’ FontSize ’ , 1 6 ) ;
%colormap hsv ;
%f igure , graph ;
%f igure , su r f ( graph ) ;
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